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฀a฀ ฀P฀h฀o฀t฀o฀p฀h฀y฀s฀i฀c฀s฀ ฀G฀r฀o฀u฀p฀,฀ ฀C฀e฀n฀t฀r฀e฀ ฀f฀o฀r฀ ฀M฀o฀l฀e฀c฀u฀l฀a฀r฀ ฀N฀a฀n฀o฀m฀e฀t฀r฀o฀l฀o฀g฀y฀,฀ ฀D฀e฀p฀a฀r฀t฀m฀e฀n฀t฀ ฀o฀f฀ ฀P h฀y฀s฀i฀c฀s฀,  S฀U฀P฀A ,฀ ฀U฀n฀i฀v฀e฀r฀s฀i฀t y  o฀f  ฀5฀ 
฀S฀t฀r฀a฀t฀h฀c฀l฀y฀d฀e฀,฀ ฀J฀o฀h฀n฀ ฀A฀n฀d฀e฀r฀s฀o฀n฀ ฀B฀u฀i฀l฀d฀i฀n฀g฀,฀ ฀1฀0฀7฀ ฀R฀o฀t฀t฀e฀n฀r฀o฀w฀,฀ ฀G฀l฀a฀s฀g฀o฀w฀ ฀G฀4฀ ฀0฀N฀G ,  ฀U฀K   ฀6฀ 
฀b฀ ฀D฀e฀p฀a฀r฀t฀m฀e฀n฀t฀ ฀o฀f฀ ฀P฀h฀y฀s฀i฀c฀s฀,฀ ฀B฀e฀i฀h฀a฀n฀g฀ ฀U฀n฀i฀v฀e฀r฀s i t y ,  B฀e i j i n g  ฀1 0฀0฀1฀9฀1฀,฀ ฀C฀h฀i฀na  ฀7฀ 
฀c฀ ฀S฀t฀r฀a฀t฀h฀c฀l฀y฀d฀e฀ ฀I฀n฀s฀t฀i฀t฀u฀t฀e฀ ฀o฀f฀ ฀P฀h฀a฀r฀m฀a฀c฀y฀ ฀a฀n฀d฀ ฀B i฀o m e฀d฀i฀c฀a฀l  S c i฀e฀n฀c฀e฀s฀,฀ ฀R฀o฀y฀a฀l฀ ฀C฀o฀l฀l฀e฀g฀e฀,  U฀n฀i฀v฀e฀r฀s฀i t฀y฀ ฀o฀f฀ ฀S฀t฀r฀a฀t฀h฀c฀l฀y฀d฀e฀,฀ ฀2฀0฀4฀ ฀G฀e฀o฀r฀g฀e฀ ฀8฀ 
฀S฀t฀r฀e฀e฀t฀,฀ ฀G฀l฀a฀s฀g฀o฀w฀ ฀G฀1฀ ฀1฀X฀W฀,฀ ฀U฀K฀ ฀9฀ 
฀1฀0฀ 
$%675$&7 ฀W฀e฀ ฀r฀e฀p฀o฀r฀t฀ ฀a฀ ฀n฀o฀v฀e฀l฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀t฀ ฀p฀r฀o฀b฀e฀ ฀f฀o฀r฀ ฀m฀R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀.฀ ฀I฀t฀ ฀c฀o฀n฀si฀s฀t฀s฀ ฀o฀f฀ ฀a฀ ฀g฀o฀l฀d฀ ฀n฀a฀n฀o฀r฀o d ( G N฀R฀)฀ ฀1฀1฀ 
฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀e฀d฀ ฀w฀i฀t฀h฀ ฀f฀l฀u฀o฀r฀o฀p฀h฀o฀r฀e฀ ฀l฀a฀b฀e฀l฀e฀d฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀es  ฀(฀h฀p฀D N A฀)฀ ฀t฀h฀a฀t฀ ฀a฀r฀e฀ ฀c฀o m p฀l฀e฀m e n t a r฀y  t o  t h ฀ ฀m฀R฀N฀A฀ ฀o฀f฀ ฀1฀2  
฀a฀ ฀t฀a฀r฀g฀e฀t฀ ฀g฀e฀n฀e฀. ฀T฀h฀i฀s฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀ ฀w฀a฀s฀ ฀f฀o฀u฀n฀d฀ ฀t฀o฀ ฀b฀e฀ ฀s฀e฀n฀s฀i฀t฀i฀v฀e฀ ฀t฀o฀ ฀a฀ ฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀ar฀y฀ ฀o฀l฀ig n u c l฀e฀o฀t฀i฀d฀e฀,฀ ฀a s฀ ฀i฀n฀d฀i฀c฀a฀t฀e฀d฀ b y฀ ฀1฀3  
฀s฀i฀g฀n฀i฀f฀i฀c฀a฀n฀t฀ ฀c฀h฀a฀n฀g฀e฀s฀ ฀i฀n฀ ฀b฀o฀t฀h฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀a฀n฀d฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀.฀ ฀T฀h฀e฀ ฀i฀n฀f฀l฀u฀e฀n฀c฀e฀ ฀o฀f฀ ฀t h฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀d฀e฀n฀s฀i฀t฀y฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀o฀n฀ ฀1฀4  
฀t฀h฀e฀ ฀p฀e฀r฀f฀o฀r฀m฀a฀n฀c฀e฀ ฀o฀f฀ ฀t฀h฀i฀s฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀ ฀w฀a฀s฀ ฀i฀n฀v฀e฀s฀t฀i฀g฀a฀t฀e฀d฀,฀ ฀s฀u฀g฀g฀e฀s฀t฀i฀n฀g฀ ฀t฀h a t฀ ฀h฀i฀g฀h฀ ฀h฀y฀b฀r i d i z฀a t i o n  ef฀f฀i฀c i e฀n฀c฀y฀ ฀c฀o฀u฀l฀d฀ ฀b฀e฀ ฀a฀c฀h i e฀v฀e฀d฀ ฀1฀5  
฀a฀t฀ ฀a฀ ฀r฀e฀l฀a฀t฀i฀v฀e฀l฀y฀ ฀l฀o฀w฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀l฀o฀a฀d฀i฀n฀g฀ ฀d฀e n s฀i฀t฀y฀ ฀o฀f฀ ฀h฀p฀D N A฀.  ฀H฀o฀w฀e฀v฀e฀r฀,฀ s t e a d y฀- s t a t฀e฀ ฀f l u o e s฀c฀e฀n฀c฀e฀ ฀s฀p฀e฀c฀t฀r฀o฀s฀c฀o฀p฀y฀ ฀r฀e฀v฀e฀a฀l฀e฀d฀ ฀1฀6  
฀b฀e฀t฀t฀e฀r฀ ฀o฀v฀e฀r฀a฀l฀l฀ ฀p฀e฀r฀f฀o฀r฀m฀a฀n฀c฀e฀,฀ ฀i฀n฀ ฀t฀e฀r฀m฀s฀ ฀o฀f฀ ฀s฀e฀n฀s฀i฀t฀i฀v฀i฀t฀y฀ ฀a฀n฀d฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀r฀a฀n฀g฀e฀,  f o฀r฀ n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀w i฀t฀h  h i g h e r  h a i r฀p i n  c v e r a g e฀.฀ ฀1฀7  
฀T฀i฀m฀e฀-฀r฀e฀s฀o฀l฀v฀e฀d฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀e฀ti m e  s p e c฀t r o s c o p y  ฀r฀e฀v฀e฀a฀l฀e฀d฀ ฀s฀i฀g฀n฀if i c a n t  l i f฀e฀t i m฀e฀ ฀c฀h฀a฀n฀g฀e฀s฀ ฀o฀f฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀o฀p฀h฀o฀r฀e฀ ฀u฀p฀o฀n฀ ฀1฀8  
฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀w฀i฀t฀h฀ ฀t฀a฀r฀g฀e฀t฀s฀,฀ ฀p฀r฀o฀v฀i฀d฀i฀n฀g฀ ฀f฀u฀r฀t฀h฀e฀r฀ ฀i฀n฀s฀i฀g฀h฀t฀ o n  ฀t฀h e  h y b r i d i z a฀t i n  k e t i c s  o f  ฀t฀h e  p r o b e฀ ฀a฀s฀ ฀w฀e฀l฀l฀ ฀a฀s฀ ฀1฀9  
฀t฀h฀e฀ ฀q฀u฀e฀n฀c฀h฀i฀n฀g฀ ฀e฀f฀f฀ic i e n c y  o f  G N฀R฀s฀.฀ ฀ ฀2฀0  
฀ ฀2฀1฀ 
.(<:25'6฀g฀o฀l฀d฀ ฀n฀a฀n฀o฀r฀o฀d฀s฀,฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀D฀N฀A฀,฀ ฀m฀R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀s฀,฀ f l฀u฀o r฀e฀s฀c e n฀c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e  ฀2฀2฀ 
฀ ฀2฀3  
฀*฀ ฀C฀o฀r฀r฀e฀s฀p฀o฀n฀d฀i฀n฀g฀ ฀a฀u฀t฀h฀o฀r฀,฀ ฀E฀m฀ai฀l฀:฀ ฀y฀.฀c฀h฀e฀n฀@ s t r a฀t฀h฀.฀a฀c฀.฀u฀k฀ ฀2฀4฀ 
฀ ฀2฀5  
,QWURGXFWLRQ฀2฀6฀ 
฀M฀e฀s฀s฀e฀n฀g฀e฀r฀ ฀R฀N฀A฀ ฀(฀m฀R฀N฀A฀)฀ ฀p฀l฀a฀y฀s฀ ฀a฀ ฀k฀e฀y฀ ฀r฀o฀l฀e฀ ฀i฀n฀ ฀t฀h฀e฀ ฀c฀e฀l฀l฀u฀l฀a฀r฀ ฀p฀r฀o฀d฀u฀c฀t฀i฀o฀n฀ ฀o฀f฀ ฀p฀r฀o฀t฀e฀i฀n฀.฀ ฀D฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀o฀f฀ ฀2฀7  
฀m฀R฀N฀A฀ ฀b฀i฀o฀m฀a฀r฀k฀e฀r฀s฀ ฀w฀i฀t฀h฀ ฀g฀o฀o฀d฀ ฀s฀p฀e฀c฀i฀f฀i c i t y  ฀a n d s e n s i฀t฀i฀v฀i฀t฀y฀ ฀w฀i฀l฀l฀ ฀e฀n฀a฀b฀l฀e  a n  e a r l y฀-฀s฀t฀a฀g฀e฀ ฀d฀i฀a฀g฀n฀o฀s฀i฀s฀ ฀o฀f฀ ฀2฀8  
฀d฀i฀s฀e฀a฀s฀e฀ ฀s฀u฀c฀h฀ ฀a฀s฀ ฀c฀a฀n฀c฀e฀r฀ ฀a฀n฀d฀ ฀a฀s฀s฀i฀s฀t฀ ฀i฀n฀ ฀m฀o฀n฀i฀t฀o฀r฀i฀n฀g฀ ฀a฀n฀d฀ ฀e฀v฀a฀l฀u฀a฀t฀i฀n฀g฀ t฀h฀e฀ ฀e฀f฀f฀i฀c฀a฀c฀y  o f฀ ฀t฀r฀e฀a฀t฀m e n t฀.฀ ฀2฀9  
฀M฀o฀r฀e฀o฀v฀e฀r฀,฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀o฀f฀ ฀m฀R฀N฀A฀ ฀p฀r฀o฀v฀i฀d฀e฀s฀ ฀v฀a฀l฀u฀a฀b฀l฀e฀ ฀i฀n฀f฀o฀r฀m฀a฀t฀i฀o฀n฀ ฀f฀o฀r฀ ฀u฀n฀d฀e฀r s฀t฀a฀n d i฀n g  ฀t฀h฀e฀ ฀f฀u฀n฀d฀a m e฀n฀t฀a฀l  ฀3฀0  
฀m฀e฀t฀a฀b฀o฀l฀i฀s฀m฀ ฀o฀f฀ ฀c฀e฀l฀l฀s฀.฀1฀,฀2฀ ฀F฀o฀r฀ t h฀i s  p฀u฀r฀p฀o฀s฀e฀,฀ ฀a฀ ฀n฀u฀m฀b฀e฀r฀ ฀o฀f t฀e฀c฀h฀n฀i฀q฀u e s  ฀h฀a฀v฀e฀ ฀b฀e฀e฀n฀ ฀d฀e฀v฀e฀l฀o฀p฀e฀d฀.฀3  ฀A m o n g  ฀3฀1  
฀t฀h฀e฀m฀,฀ ฀n฀u฀c฀l฀e฀i฀c฀ ฀a฀c฀i฀d฀s฀-฀b฀a฀s฀e฀d฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀a฀n฀d฀ ฀q฀u฀a฀n t฀i฀f฀i฀c฀a฀t฀i฀o฀n฀ ฀m฀e฀t฀h฀o฀d฀s฀ h a฀v e  a฀t t r a฀c t e d  ฀s u b s฀t฀a฀n฀t฀i฀a฀l฀ ฀i฀n฀t฀e฀r฀e฀s฀t฀ ฀3฀2  
฀s฀i฀n฀c฀e฀ ฀n฀u฀c฀l฀e฀i฀c฀ ฀a฀c฀i฀d฀s฀ ฀p฀o฀s฀s฀e฀s฀s฀ ฀t฀h฀e฀ ฀i฀n฀h e r฀e n t฀ ฀p฀r฀o฀p e r฀t฀y  t฀o฀ ฀s฀e฀l฀e฀c฀t฀i฀v฀e฀ly  b i฀n d o  t h e  c o฀m฀p฀l฀e฀m฀e฀n฀t฀a฀r฀y฀ ฀t฀a฀r฀g฀e฀t฀s฀ ฀3฀3  
฀t฀h฀r฀o฀u฀g฀h฀ ฀W฀a฀t฀s฀o฀n฀-฀C฀r฀i฀c฀k฀ ฀b฀a฀s฀e฀-฀p฀a฀i฀r฀i฀n฀g฀.฀ ฀O฀n฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀p฀r฀o฀m฀i฀s฀i฀n฀g฀ ฀a฀p฀p฀r฀o฀a฀c฀ h  ฀ t฀ o฀  d฀ e฀ t฀ e c t  m฀ R N฀ A ,  o฀ f฀ t฀ e฀ n฀  ฀3฀4  
฀d฀e฀n฀o฀t฀e฀d฀ ฀a฀s฀ ฀m฀o฀l฀e฀c฀u฀l฀a฀r฀ ฀b฀e฀a฀c฀o฀n฀ ฀(฀M฀B฀)฀,฀ ฀i฀s฀ ฀a฀ ฀h฀a฀i฀r฀p฀i฀n฀-฀s฀h฀a฀p฀e฀d฀ ฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀ ฀w฀i t h฀ ฀a฀ ฀f฀l u o r o฀p฀h฀o฀r฀e฀-฀3฀5  




฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀w฀i฀t฀h฀ ฀t฀h฀e฀ ฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀a r y฀ ฀n฀u฀c฀l฀e฀i c  a c i d฀ ฀t฀a฀r฀g฀e฀t฀.฀4฀,฀5 I t  o฀f฀f฀e฀r฀s฀ g r e a t  ฀o฀p฀p฀o฀r฀t฀u฀n฀i฀t฀i฀e฀s฀ ฀i฀n฀ ฀3฀7  
฀h฀o฀m฀o฀g฀e฀n฀e฀o฀u฀s฀ ฀a฀s฀s฀a฀y฀ ฀o฀f฀ ฀m฀R฀N฀A฀ ฀a฀n฀d฀ ฀a฀l฀s฀o฀ ฀t฀h฀e฀ ฀c฀a฀p฀a฀b฀i฀l฀i฀t฀y฀ ฀o฀f฀ ฀r฀e฀a฀l฀-฀t฀i฀m฀e฀ ฀m฀o฀n฀i฀t฀o฀r฀i฀n฀g฀ ฀o฀f฀ ฀t฀h฀e e x p r฀e฀s s฀i฀o฀n฀ ฀3฀8  
฀o฀f฀ ฀m฀R฀N฀A฀s฀ ฀i฀n฀ ฀l฀i฀v฀i฀n฀g฀ ฀c฀e฀l฀l฀s฀,฀ ฀e฀v฀e฀n฀ ฀d฀o฀w฀n฀ ฀t฀o฀ ฀s฀i฀n฀g฀l฀e฀-฀c฀e฀l฀l฀ ฀l฀e฀v฀e฀l฀,฀ ฀r฀e฀s฀u฀lt i n g฀ ฀f r o m฀ ฀i t s฀ ฀h฀i฀g฀h  ฀s e n s i฀t฀i฀v฀i฀t฀y฀ a n d  ฀3฀9  
฀e฀n฀h฀a฀n฀c฀e฀d฀ ฀s฀p฀e฀c฀i฀f฀i฀c฀i฀t฀y฀.฀6฀–฀9฀ ฀ ฀4฀0  
฀H฀o฀w฀e฀v฀e฀r฀,฀ ฀t฀h฀e฀ ฀t฀r฀a฀d฀i฀t฀i฀o฀n฀a฀l฀ ฀M฀B฀ ฀s฀u฀f฀f฀e฀r฀s฀ ฀f฀r฀o฀m฀ ฀p฀r฀o฀b฀l฀e฀m฀s฀ ฀o฀f฀ ฀l฀a฀c฀k฀i฀n฀g฀ ฀u฀n฀i฀v฀e฀r฀s a l  o r g a n฀i c฀ ฀q฀u e n c฀h฀e r฀s฀1฀0฀ ฀4฀1฀ 
฀a฀n฀d฀ ฀r฀e฀q฀u฀i฀r฀i฀n฀g฀ ฀t฀r฀a฀n฀s฀f฀e฀c฀t฀i฀o฀n฀ ฀r฀e฀a฀g฀e฀n฀t฀s฀ ฀f฀o฀r฀ ฀c฀e฀l฀l฀u฀l฀a฀r฀ ฀i฀n฀t฀e฀r฀n฀a฀l฀i฀z฀a฀t฀i฀on .฀8  R e c e n฀t  s t u d i e s  s h o w฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀s฀e฀ ฀4฀2  
฀l฀i฀m฀i฀t฀a฀t฀i฀o฀n฀s฀ ฀c฀a฀n฀ ฀b฀e฀ ฀e฀l฀e฀g฀a฀n฀t฀l฀y฀ ฀a฀d฀d฀r฀e฀s฀s฀e฀d฀ ฀b฀y฀ ฀g฀o฀l฀d฀ ฀n฀a฀n฀o฀p฀a฀r฀t฀i฀c฀l฀e฀s฀ ฀(฀A฀u฀N฀P฀) .฀ ฀I฀t฀ ฀h฀a฀s฀ ฀b฀e฀e฀n฀ ฀p฀r฀o฀v฀e฀n฀ ฀t฀h฀a฀t  ฀4฀3  
฀A฀u฀N฀P฀ ฀a฀r฀e฀ ฀h฀i฀g฀h฀l฀y฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀t฀ ฀q฀u฀e฀n฀c฀h฀e฀r฀s฀ ฀f o฀r  ฀a฀ ฀r฀a฀n฀g฀e฀ ฀o฀f฀ ฀o฀r฀g฀a฀n฀i฀c฀ ฀f฀l฀u฀or o p h o r s฀1฀0฀–฀1฀3฀ a n d  e x h i b i t฀ l฀o฀n฀g฀-฀4฀4  
฀r฀a฀n฀g฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀q฀u฀e฀n฀c฀h฀i฀n฀g฀ ฀c฀a฀p฀a฀b฀i฀l฀i฀t฀y฀.฀1฀4฀ ฀M฀o฀r฀e฀o฀v฀e฀r฀,฀ A฀u฀ ฀n฀a฀n฀o฀s฀p฀h e r e s฀ ฀(฀A฀u฀N฀S฀)฀ ฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀e฀d฀ ฀b฀y฀ ฀4฀5  
฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀s฀ ฀d฀i฀s฀p฀l฀a฀y฀ ฀s฀e฀v฀e฀r฀a฀l฀ ฀f฀a฀s฀c฀i฀n฀a฀t฀i฀n฀g฀ ฀f฀e฀a฀t฀u฀r฀e฀s฀.฀ ฀F฀o฀r฀ ฀e฀x฀a฀m฀p฀l฀e฀,฀ ฀h฀i฀g฀h฀l฀y฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀t฀ ฀c฀e฀l฀l u฀l a฀r  ฀4฀6  
฀u฀p฀t฀a฀k฀e฀ ฀w฀i฀t฀h฀o฀u฀t฀ ฀t฀h฀e฀ ฀n฀e฀e฀d฀ ฀o฀f฀ ฀t฀r฀a฀n฀s฀f฀e฀c฀t฀i฀o฀n฀ ฀r฀e฀a฀g฀e฀n฀t฀s฀,  ฀e฀x฀t฀r฀a฀o฀r฀d฀i฀n฀a฀r฀y i n t r a฀c฀e฀l l u฀l a  s t b i฀l฀i฀t฀y฀ ฀a฀g฀a฀i฀n฀s฀t฀ ฀4฀7  
฀e฀n฀z฀y฀m฀a฀t฀i฀c฀ ฀d฀e฀g฀r฀a฀d฀a฀t฀i฀o฀n฀ ฀a฀n฀d฀ ฀e฀n฀h฀a฀n฀c฀e฀d฀ ฀b฀i฀n฀d฀i฀n฀g฀ ฀c฀a฀p฀a฀b฀i฀l฀i฀t฀y฀ ฀o฀f฀ ฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀a฀r฀y฀ ฀n฀u฀c฀l฀e฀ic฀ ฀a฀c฀i฀d฀s฀.฀1฀5฀–฀1฀7 ฀4฀8  
฀A฀d฀d฀i฀t฀i฀o฀n฀a฀l฀l฀y฀,฀ ฀A฀u฀N฀P฀ ฀a฀r฀e฀ ฀b฀i฀o฀c฀o฀m฀p฀a฀t฀i฀b฀l฀e฀ ฀a฀n฀d฀ ฀h฀a฀v฀e฀ ฀v฀e฀r฀s฀a฀t฀i฀l฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ m฀o฀d฀i f฀i฀c฀a฀t฀i฀o฀n฀s฀ ฀e฀s฀p฀e฀c฀i฀a฀l l y  ฀4฀9  
฀t฀h฀r฀o฀u฀g฀h฀ ฀t฀h฀e฀ ฀w฀e฀l฀l฀-฀e฀s฀t฀a฀b฀l฀i฀s฀h฀e฀d฀ ฀g฀o฀l฀d฀-฀t฀h฀i฀o฀l฀ ฀c฀h฀e฀m฀i฀s฀t฀r฀y฀.฀ ฀B฀y฀ ฀t฀a฀k฀i฀n฀g฀ ฀t฀h฀e฀ ฀a฀d฀v฀a฀n฀t฀a฀g฀e฀s฀ ฀o฀f฀ ฀A u N฀P฀ ฀a n d฀ ฀M฀B ,  ฀a฀ ฀5฀0  
฀n฀o฀v฀e฀l฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀ ฀h฀a฀s฀ ฀b฀e฀e฀n฀ ฀d฀e฀v฀e฀l฀o฀p฀e฀d฀ ฀r฀e฀c฀e฀n฀t฀l฀y฀,฀ ฀i฀n฀ ฀w฀h฀i฀c฀h฀ ฀A฀u฀N฀S฀ ฀w฀e฀r฀e฀ ฀c฀o฀v฀a฀l฀e฀n฀t฀l฀y฀ ฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i z e฀d฀ ฀b฀y฀ ฀5฀1  
฀h฀a฀i฀r฀p฀i฀n฀ ฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀s฀ ฀d฀u฀a฀l฀l฀y฀ ฀l฀a฀b฀e฀l฀e฀d฀ ฀w฀i฀t฀h฀ ฀f฀l฀u฀o฀r฀o฀p฀h฀o฀r฀e฀ ฀a฀n฀d฀ ฀t฀h฀i฀o฀l฀.฀1฀8฀ T฀h฀i฀s฀ ฀n฀a฀n฀o฀p฀r฀o b e฀ ฀s฀h o w s  ฀5฀2  
฀p฀r฀o฀m฀i฀s฀i฀n฀g฀ ฀a฀p฀p฀l฀i฀c฀a฀t฀i฀o฀n฀s฀ ฀i฀n฀ ฀s฀i฀m฀u฀l฀t฀a฀n฀e฀o฀u฀s฀ ฀m฀u฀l฀t฀i฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀o฀f฀ ฀n฀u฀c฀l฀e฀i฀c a c i d  w i t h  h i g h  s e฀n฀s฀i฀t฀i฀v฀i฀t฀y฀ ฀a฀n฀d฀ ฀5฀3  
฀s฀p฀e฀c฀i฀f฀i฀c฀i฀t฀y฀.฀1฀8฀–฀2฀0 ฀M฀o r e  ฀i฀m฀p฀o฀r฀t฀a฀n฀t฀l฀y฀,฀ ฀s฀p฀a฀t฀i฀a฀l฀-฀t฀e฀mp o฀r฀a l  ฀i n฀f฀o฀r฀m฀a฀t฀i฀o฀n  a฀b฀o฀u฀t฀ ฀n฀u฀c฀l฀e฀i฀c฀ ฀a฀c฀i฀d  t฀a฀r฀g฀e฀t฀s฀ ฀i฀n฀ ฀5฀4  
฀l฀i฀v฀i฀n฀g฀ ฀c฀e฀l฀l฀s฀ ฀c฀a฀n฀ ฀b฀e฀ ฀a฀c฀q฀u฀i฀r฀e฀d฀ ฀b฀y฀ ฀u฀s฀i฀n฀g฀ ฀t฀h฀i฀s฀ ฀A฀u฀N฀P฀-฀M฀B฀ ฀c฀o฀n฀j฀u฀g฀a฀t฀e฀ ฀a฀s i n t r฀a c฀e฀l฀l฀u฀l฀a฀r฀ ฀p฀r฀o฀b฀e฀ ฀s฀i฀n c e  ฀t฀h฀e฀ ฀5฀5  
฀f฀l฀u฀o฀r฀o฀p฀h฀o฀r฀e฀s฀ ฀a฀r฀e฀ ฀s฀t฀i฀l฀l฀ ฀a฀n฀c฀h฀o฀r฀e฀d฀ ฀t฀o฀ ฀t฀h฀e฀ ฀A u N฀P฀ ฀r฀a฀t฀h฀e฀r฀ ฀t฀h฀a฀n฀ ฀b฀e฀i฀n฀g฀ ฀re฀l e a s e d  i฀n  ฀t฀h฀e฀ ฀c฀y฀t฀o฀p฀l฀a฀s฀m฀ ฀w฀h฀e฀n฀ ฀5฀6  
฀b฀i฀n฀d฀i฀n฀g฀ ฀t฀o฀ ฀t฀h฀e฀ ฀t฀a฀r฀g฀e฀t฀s฀.฀2฀1฀,฀2฀2฀ ฀ ฀5฀7  
฀C฀o฀m฀p฀a฀r฀e฀d฀ ฀t฀o฀ ฀A฀u฀N฀S฀,฀ ฀g฀o฀l฀d฀ ฀n฀a฀n฀o฀r฀o฀d฀s฀ ฀( G N฀R฀)฀ ฀e฀x฀h฀i฀b฀i t  e x c e฀l฀l฀e฀n฀t฀ ฀s฀h฀a฀p฀e฀-฀d฀e฀p฀e฀n฀d฀e฀n฀t฀ o p i฀c฀a฀l฀ ฀5฀8฀ 




฀t฀u฀n฀e฀d฀ ฀f฀r฀o฀m฀ ฀v฀i฀s฀i฀b฀l฀e฀ ฀t฀o฀ ฀n฀e฀a฀r฀-฀i฀n฀f฀r฀a฀r฀e฀d฀ ฀r฀e฀g฀i฀o฀n฀s฀.฀2฀3฀,฀2฀4฀ ฀T฀h i฀s฀ ฀i฀s฀ ฀o฀f฀ ฀p a r t i฀c฀u฀l฀a฀r฀ ฀i฀n฀t฀e฀r฀e฀s฀t฀ ฀f฀o฀r฀ ฀b฀i฀o฀l฀o฀g฀i฀c฀a฀l฀ ฀6฀0  
฀a฀p฀p฀l฀i฀c฀a฀t฀i฀o฀n฀s฀ ฀d฀u฀e฀ ฀t฀o฀ ฀t฀h฀e฀ ฀h฀i฀g฀h฀ ฀t฀r฀a฀n฀s฀m฀i฀s฀s฀i฀o฀n฀ ฀o฀f฀ ฀t฀i฀s฀s฀u฀e฀s฀ ฀i฀n฀ ฀t฀h฀e฀ ฀n฀e฀a฀r฀-฀i฀n฀f฀r฀a฀r฀e฀d฀ ฀w฀i฀n฀d฀o฀w฀ ฀(฀6 5 0 - 9 0฀0  n m฀) .฀2฀5฀ ฀6฀1  
฀I฀n฀ ฀a฀d฀d฀i฀t฀i฀o฀n฀ ฀t฀o฀ ฀t฀h฀e฀ ฀l฀a฀r฀g฀e฀ ฀a฀b฀s฀o฀r฀p฀t฀i฀o฀n฀ ฀a฀n฀d฀ ฀s฀c฀a฀t฀t฀e฀r฀i฀n฀g฀ ฀c฀r฀o฀s฀s฀ ฀s฀e฀c฀t฀i฀o฀n฀,฀ ฀G N R฀ h฀a฀v฀e฀ ฀s฀t฀r o n g฀ ฀t w฀o฀-฀p฀h o t฀o n  ฀6฀2  
฀l฀u฀m฀i฀n฀e฀s฀c฀e฀n฀c฀e฀ ฀a฀r฀i฀s฀i฀n฀g฀ ฀f฀r฀o฀m฀ ฀t฀h฀e฀ ฀l฀o฀c฀a฀l฀i฀z฀e฀d฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀p฀l฀a฀s฀m฀o฀n฀ ฀r฀e฀s฀o฀n฀a฀n฀c฀e฀.฀2฀6฀–฀2฀8฀ ฀T฀w o - p h o t o n฀ e x c฀i t a t i o n฀6฀3  
฀h฀o฀l฀d฀s฀ ฀p฀r฀o฀m฀i฀s฀e฀ ฀f฀o฀r฀ ฀i฀n฀t฀r฀a฀c฀e฀l฀l฀u฀l฀a฀r฀ ฀s฀t฀u฀d฀i฀e฀s฀ ฀a฀s฀ ฀i฀t฀ ฀h฀a฀s฀ ฀h฀i฀g฀h฀e฀r฀ ฀s฀p฀a฀t฀i฀a฀l฀ ฀r฀e฀s฀o l฀u t฀i฀o฀n ,  ฀d฀e e p e r  p e n฀e฀t฀r a฀t i o n  a n d฀ ฀6฀4  
฀l฀e฀s฀s฀ ฀p฀h฀o฀t฀o฀-฀d฀a฀m฀a฀g฀e฀ ฀c฀o฀m฀p฀a฀r฀e฀d฀ ฀t฀o฀ ฀s฀i n g l e฀-฀p h t฀o฀n฀ ฀e฀x฀c฀i฀t฀a฀t฀i฀o฀n฀.฀ ฀I฀n฀t฀e฀r฀e฀st i n g l฀y ,  ฀t w฀o฀-฀p฀h o t o n  l u฀m฀i฀n฀e฀s฀c฀e฀n฀c฀e฀ ฀6฀5  
฀f฀r฀o฀m฀ ฀G฀N฀R฀ ฀s฀h฀o฀w฀s฀ ฀a฀ ฀c฀h฀a฀r฀a฀c฀t฀e฀r฀i฀s฀t฀i฀c฀ ฀s฀h฀o฀r฀t฀ ฀l i f e t i฀m  ( <฀1฀0฀0฀ ฀p฀s฀)฀ ฀d฀i฀s฀t฀i฀ng u฀i฀s h฀a฀b฀l e  f r฀o m  m฀a฀n฀y  ฀o฀r฀g฀a฀n฀i฀c฀ ฀6฀6  
฀d฀y฀e฀s฀ ฀a฀n฀d฀ ฀a฀u฀t฀o฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀,฀ ฀o฀f฀f฀e฀r฀i฀n฀g฀ ฀b฀e฀n฀e฀f฀i฀t฀ ฀i฀n฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀e฀t i m฀e฀ ฀i฀m฀a g i n g฀ m i c r o s฀c o฀p฀y  ฀6฀7  
฀(฀F฀L฀I฀M฀)฀.฀2฀9 T h e฀s฀e฀ ฀u฀n฀i฀q฀u฀e฀ ฀f฀e฀a฀t฀u฀r฀e฀s฀ ฀m฀a฀k฀e฀ ฀G฀N฀R฀ ฀p฀r฀o฀m฀i฀s฀i฀n฀g฀ ฀c฀a฀n฀d฀i฀d฀a฀t฀e฀s฀ ฀f฀o฀r฀ ฀n฀u฀m฀e฀r฀o฀u฀s฀ ฀b฀i฀o฀l฀o฀g฀i฀c฀a฀l฀ ฀a n d  ฀6฀8  
฀b฀i฀o฀m฀e฀d฀i฀c฀a฀l฀ ฀a฀p฀p฀l฀i฀c฀a฀t฀i฀o฀n฀s฀,฀ ฀i฀n฀c฀l฀u฀d฀i฀n฀g฀ ฀b฀i฀o฀l฀o฀g฀i฀c฀a฀l฀ ฀i฀m฀a฀g฀i฀n฀g฀,฀3฀0 g e n e฀/฀d฀r฀u฀g฀ ฀d฀e฀l฀i v฀e฀r฀y฀,฀3฀1฀ ฀a฀n฀d฀ ฀p฀h฀o t฀o t฀h e r฀m a l  ฀6฀9  
฀t฀h฀e฀r฀a฀p฀y฀.฀3฀2฀ ฀ ฀7฀0  
฀C฀o฀n฀s฀i฀d฀e฀r฀i฀n฀g฀ ฀t฀h฀e฀ ฀u฀n฀i฀q฀u฀e฀ ฀p฀r฀o฀p฀e฀r฀t฀i฀e฀s฀ ฀o฀f฀ ฀G฀N฀R฀,฀ ฀i฀t฀ ฀i฀s฀ ฀e฀x฀p฀e฀c฀t฀e฀d฀ ฀t฀h฀a฀t฀ ฀G฀N฀R  c o u p฀l฀e฀d฀ ฀w฀i฀t฀h฀ h a i r p i n  ฀7฀1฀ 
฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀s฀ ฀w฀i฀l฀l฀ ฀o฀f฀f฀e฀r฀ ฀g฀r฀e฀a฀t฀ ฀o฀p฀p฀o r฀t฀u฀n i t฀y  ฀i฀n฀ ฀m R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀a฀n฀d฀ ฀i฀m฀a฀g฀i฀n฀g฀.฀ ฀R฀e฀c฀e฀n฀t฀l฀y฀ ฀w฀e฀ ฀h฀a฀v฀e฀ ฀7฀2  
฀r฀e฀p฀o฀r฀t฀e฀d฀ ฀a฀ ฀n฀e฀w฀ ฀R฀N฀A฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀ ฀b฀a฀s฀e฀d฀ ฀o฀n฀ ฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀e฀d฀ ฀G฀N฀R฀ ฀a฀n฀d฀ ฀t฀h฀e฀ ฀i฀n฀f l u e n c e  f h a i r฀p n  ฀7฀3  
฀s฀t฀r฀u฀c฀t฀u฀r฀e฀ ฀o฀n฀ ฀t฀h฀e฀ ฀q฀u฀e฀n฀c฀h฀i฀n฀g฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ ฀o฀f฀ ฀t h e  e n e r g y฀ ฀t฀r฀a฀n฀s฀f฀e฀r฀ ฀p฀a฀i฀r  ฀o฀f  G฀N฀R  a฀n฀d  C y 5฀.฀3฀3 D u฀e฀ ฀t o฀ ฀t฀h฀e฀ ฀7฀4  
฀s฀t฀e฀r฀i฀c฀ ฀s฀t฀r฀u฀c฀t฀u฀r฀e฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀a฀n฀d฀ ฀d฀i฀f฀f฀i฀c฀u฀l฀t฀y฀ ฀i฀n฀ ฀c฀o฀m฀p฀l฀e฀t฀e฀l฀y฀ ฀r฀e฀p฀l฀a฀c฀i฀n฀g฀ ฀C฀T฀A฀B฀ ฀b฀i฀l฀a฀y e r  s u r r o u n d i฀n฀g  ฀7฀5  
฀G฀N฀R฀s฀ ฀w฀i฀t฀h฀ ฀b฀i฀o฀m฀o฀l฀e฀c฀u฀l฀e฀s฀,฀ ฀t฀h฀e฀ ฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀G฀N฀R฀s฀ ฀w฀i฀t฀h฀ ฀h฀p฀D฀NA฀ ฀h฀a฀v฀e฀ ฀b฀e e฀n฀ f o u n฀d฀ ฀7฀6  
฀c฀h฀a฀l฀l฀e฀n฀g฀i฀n฀g฀ ฀a฀n฀d฀ ฀l฀e฀s฀s฀ ฀r฀e฀p฀o฀r฀t฀e฀d฀.฀ ฀H฀er฀e฀,  t o  t h e  b e s t  o f฀ ฀o u฀r฀ ฀k฀n฀o฀w฀l฀e฀d฀g฀e฀,฀ ฀w฀e฀ ฀r e฀p฀o r t฀ ฀f฀o฀r  t h฀e฀ ฀f฀i฀r฀s฀t฀ ฀t฀i฀m฀e฀ ฀t฀h฀e฀ ฀7฀7  
฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀G฀N฀R฀ ฀w฀i฀t฀h฀ ฀6฀-c a฀r฀b฀o฀x฀y฀f฀l u o r฀e฀s฀c฀e฀i฀n฀ ฀(฀F฀A฀M฀)฀ ฀l฀a฀b฀e฀l฀ed h a i r p i฀n฀ ฀D฀N฀A฀ ฀(฀h฀p฀D N฀A฀)฀ ฀7฀8  
฀(฀S฀c฀h฀e฀m฀e฀ ฀1฀)฀,฀ ฀a฀n฀d฀ ฀i฀n฀f฀l฀u฀e฀n฀c฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀s฀y฀n฀t฀h฀e฀s฀i฀s฀ ฀c฀o฀n฀d฀i฀t฀i฀o฀n฀ ฀o฀n฀ ฀t฀h฀e฀ ฀p฀e฀rf฀o r฀m a n c e฀ ฀o฀f฀ t h i s  n a n o฀p฀r o b e฀ ฀i฀n฀ ฀7฀9  
฀t฀a฀r฀g฀e฀t฀ ฀m฀R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀u฀s฀i฀n฀g฀ ฀b฀o฀t฀h฀ ฀s฀t฀e฀a฀d฀y฀-฀s฀t฀a฀t฀e฀ ฀a฀n฀d฀ ฀t฀i฀m฀e฀-฀r฀e฀s฀o฀l฀v฀e฀d f l u o r e฀s฀c e฀n c e  s p e c t r o s c o p฀i e s .  ฀8฀0  
฀F฀A฀M฀ ฀w฀a฀s฀ ฀c฀h฀o฀s฀e฀n฀ ฀a฀s฀ ฀i฀t฀ ฀c฀a฀n฀ ฀b฀e฀ ฀a฀t฀t฀a฀c฀h฀e฀d฀ ฀t฀o฀ ฀t฀h฀e฀ ฀3฀’฀ ฀e฀n฀d฀ ฀a฀n฀d฀ ฀a฀l฀l฀o฀w฀s฀ ฀r฀e฀l i a b l e  a t t a c h฀m e n t  o f  ฀8฀1  




฀h฀p฀D฀N฀A฀ ฀c฀o฀n฀j฀u฀g฀a฀t฀e฀s฀ ฀a฀r฀e฀ ฀h฀i฀g฀h฀l฀y฀ ฀s฀e฀n฀s฀i฀t฀i฀v฀e฀ ฀p฀r฀o฀b฀e฀s฀ ฀f฀o฀r฀ ฀m฀R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀w i฀t฀h฀ ฀h฀i฀g h  ฀s i g n a l -฀t฀o฀-฀8฀3  
฀b฀a฀c฀k฀g฀r฀o฀u฀n฀d฀ ฀r฀a฀t฀i฀o฀.฀ ฀M฀o฀r฀e฀o฀v฀e฀r฀,฀ ฀w฀e฀ ฀i฀n฀v฀e฀s฀t฀i฀g฀a฀t฀e฀d฀ ฀t฀h฀e฀ ฀i฀n฀f฀l฀u฀e฀n฀c฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀d฀e฀n฀s฀i฀t฀y฀ ฀o฀f฀ ฀h฀p฀D฀N A฀ ฀o฀n฀ ฀8฀4  
฀G฀N฀R฀ ฀o฀n฀ ฀t฀h฀e฀ ฀p฀e฀r฀f฀o฀r฀m฀a฀n฀c฀e฀ ฀o฀f฀ ฀t฀h฀i฀s฀ ฀n฀a฀n฀o p r o฀b฀e฀ ฀a฀n฀d฀ ฀fo u n d  t h a t  h i g h ฀h฀yb r i d฀i฀z฀a t฀i฀o฀n฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ ฀c฀o฀u฀l฀d฀ ฀b฀e฀ ฀8฀5  
฀a฀c฀h฀i฀e฀v฀e฀d฀ ฀a฀t฀ ฀r฀e฀l฀a฀t฀i฀v฀e฀l฀y฀ ฀l฀o฀w฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀l฀o฀a฀d฀i฀n฀g฀ ฀d฀e฀n฀s฀i฀t฀y฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀.฀ ฀T฀h฀e฀ f l u o r e s c e n c e  l i f฀e฀t฀i฀m฀e฀ ฀8฀6  
฀m฀e฀a฀s฀u฀r฀e฀m฀e฀n฀t฀s฀ ฀r฀e฀v฀e฀a฀l฀e฀d฀ ฀t฀h฀e฀ ฀r฀e฀c฀o฀v฀e฀r฀y฀ ฀o฀f฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀i฀n฀ t฀h e฀ h y b r i฀d i฀z฀a฀t฀i฀o n฀ ฀e฀v฀e฀n฀t฀s฀,฀ ฀8฀7  
฀i฀n฀d฀i฀c฀a฀t฀i฀n฀g฀ ฀t฀h฀e฀ ฀c฀o฀n฀f฀o฀r฀m฀a฀t฀i฀o฀n฀a฀l฀ ฀c฀h฀a฀n฀g฀e฀ ฀o฀f฀ ฀h฀p฀D฀N A฀ ฀w฀h฀e฀n฀ ฀b฀i฀n฀d฀i฀n฀g฀ ฀t฀o฀ ฀t฀a฀r g e t฀ ฀m R N฀A฀ ฀c฀o฀m p l e m฀e฀n฀t฀.฀ ฀8฀8  
฀S฀i฀g฀n฀i฀f฀i฀c฀a฀n฀t฀l฀y฀,฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀s฀p฀e฀c฀t฀r฀o฀s฀c฀o฀p฀y฀ ฀i฀s฀ ฀d฀e฀m฀o฀n฀s฀t฀r฀a฀td  a s  ฀a฀ ฀p o w r฀f฀u฀l฀ ฀t฀o o l฀ f฀o฀r฀ ฀8฀9  
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀-฀b฀a฀s฀e฀d฀ ฀m฀R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀.฀ ฀9฀0  
฀9฀1฀ ฀9฀2฀ 
6FKHPH฀ ฀S฀c฀h฀e฀m฀a฀t฀i฀c฀ ฀i฀l฀l฀u฀s฀t฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀h฀a฀i฀r฀pi n฀ ฀D฀N A฀ f u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀e฀d฀ ฀G฀N฀R฀ ฀f฀o฀r฀ ฀m฀R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀.฀ ฀ ฀9฀3฀ 
([SHULPHQWDOVHFWLRQ฀9฀4฀ 
3.1 Materials ฀9฀5฀ 
฀A฀l฀l฀ ฀c฀h฀e฀m฀i฀c฀a฀l฀s฀ ฀w฀e฀r฀e฀ ฀p฀u฀r฀c฀h฀a฀s฀e฀d฀ ฀f฀r฀o฀m฀ ฀S฀i฀g฀m฀a฀-฀A฀l฀d฀r฀i฀c฀h฀ ฀a฀n฀d฀ ฀u฀s฀e฀d฀ ฀a฀s฀ ฀r฀e฀c฀e฀i฀v฀e฀d฀.  ฀A฀l฀l b u f f฀e฀r฀s฀ ฀w฀e r e  ฀9฀6  
฀p฀r฀e฀p฀a฀r฀e฀d฀ ฀u฀s฀i฀n฀g฀ ฀n฀u฀c฀l฀e฀a฀s฀e฀-฀f฀r฀e฀e฀ ฀w฀a฀t฀e฀r฀ ฀o฀b฀t฀a฀i฀n฀e฀d฀ ฀f฀r฀o฀m฀ ฀S฀i฀g฀m฀a฀-฀A฀l฀d฀r฀i฀c฀h฀. T h฀i o฀l a฀t e d  o l i g o n u฀c฀l e o฀t i d e s  ฀a n d฀ ฀9฀7  
฀t฀h฀e฀ ฀c฀o฀r฀r฀e฀s฀p฀o฀n฀d฀i฀n฀g฀ ฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀a฀r฀y฀ ฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i d s  we r e฀ p u฀r฀c฀h฀a฀s฀e฀d f r฀o฀m  E u฀r o฀f฀i฀n฀s฀ ฀M฀W฀G฀ ฀O฀p฀e฀r฀o฀n฀ ฀9฀8  
฀a฀n฀d฀ ฀I฀n฀t฀e฀g฀r฀a฀t฀e฀d฀ ฀D฀N฀A฀ ฀T฀e฀c฀h฀n฀o฀l฀o฀g฀i฀e฀s฀,฀ ฀r฀e฀s฀p฀e฀c฀t฀i฀v฀e฀l฀y฀.฀ ฀ ฀9฀9  




฀G฀o฀l฀d฀ ฀n฀a฀n฀o฀r฀o฀d฀s฀ ฀w฀e฀r฀e฀ ฀s฀y฀n฀t฀h฀e฀s฀i฀z฀e฀d฀ ฀a฀c฀c฀o฀r฀d฀i฀n฀g฀ ฀t฀o฀ ฀t฀h฀e฀ ฀s฀i฀l฀v฀e฀r฀-฀a฀s฀s฀i฀s฀t฀e฀d฀ s e e d - m e d i a t฀e฀d฀ g r o฀w t h฀ ฀1฀0฀1฀ 
฀m฀e฀t฀h฀o฀d฀.฀3฀4฀,฀3฀5฀ B r฀i฀e฀f฀l฀y฀,฀ ฀2฀.฀5฀ ฀m฀L฀ ฀o฀f฀ ฀0฀.฀0฀0฀1฀ ฀M฀ ฀H฀A฀u฀C฀l4฀ w฀a s  ฀m฀i x฀e฀d฀ ฀w฀i t฀h฀ ฀7฀.฀5  ฀m฀L฀ ฀o฀f฀ ฀0฀.฀2฀ ฀M฀ ฀1฀0฀2฀ 
฀H฀e฀x฀a฀d฀e฀c฀y฀l฀t฀r฀i฀m฀e฀t฀h฀y฀l฀a฀m฀m฀o฀n฀i฀u฀m฀ ฀b฀r฀o฀m฀i฀d฀ ฀(฀C T A B )฀ ฀s฀o฀l฀u฀t฀i o n฀.฀ ฀N฀e฀x฀t฀,฀ ฀0฀.฀6฀ ฀m฀L o f  f฀r฀e฀s฀h฀l฀y฀ ฀p฀r฀e฀p฀a฀r฀e฀d฀ ฀i฀c฀e฀-฀1฀0฀3฀ 
฀c฀o฀l฀d฀ ฀0฀.฀0฀1฀ ฀M฀ ฀N฀a฀B฀H4฀ ฀w฀a฀s q u i฀c฀k฀l฀y฀ ฀a฀d฀d฀e฀d฀ ฀t฀o฀ ฀t฀h฀e฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀ ฀u฀n฀d฀e฀r฀ ฀v฀i฀g฀o฀r฀o฀u฀s฀ ฀s฀t฀i฀r฀r฀i฀n฀g฀,฀ ฀f฀o฀r฀m฀i฀n฀g฀ ฀a฀ ฀1฀0฀4฀ 
฀b฀r฀o฀w฀n฀i฀s฀h฀-฀y฀e฀l฀l฀o฀w฀ ฀s฀e฀e฀d฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀.฀ ฀T฀h฀e฀ ฀s฀e฀e฀d฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀ ฀w฀a฀s฀ ฀v฀i฀g฀o฀r฀o฀u฀s฀l฀y s t i r r฀e฀d  f฀o฀r฀ ฀a฀n฀o฀t฀h฀e฀r฀ ฀2฀ ฀m i n  a฀n฀d฀ ฀1฀0฀5฀ 
฀t฀h฀e฀n฀ ฀k฀e฀p฀t฀ ฀u฀n฀d฀i฀s฀t฀u฀r฀b฀e฀d฀ ฀a฀t฀ ฀r฀o฀o฀m฀ ฀t฀e฀m฀p฀e฀r฀a฀t฀u฀r฀e฀ ฀f฀o฀r฀ ฀3฀ ฀h฀ ฀b฀e฀f฀o฀r฀e฀ ฀u฀s฀e฀d฀.฀ T฀o฀ ฀m฀a฀k฀e฀ ฀g฀r฀o฀w฀t฀h฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀,฀ ฀2฀0฀0฀ ฀1฀0฀6  
฀m฀L฀ ฀o฀f฀ ฀0฀.฀2฀ ฀M฀ ฀C฀T฀A฀B฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀ ฀w฀a฀s฀ ฀g฀e฀n฀t฀l฀y฀ ฀m฀i฀x฀e฀d฀ ฀w฀i฀t฀h฀ ฀t฀h฀e฀ ฀f฀o฀l฀l฀o฀w฀i฀n฀g฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀s฀ ฀i฀n฀ ฀t h฀e฀ ฀f o l l o w฀i฀n g฀ ฀1฀0฀7฀ 
฀o฀r฀d฀e฀r฀:฀ ฀2฀0฀0฀ ฀m฀L฀ ฀o฀f฀ ฀0฀.฀0฀0฀1฀ ฀M฀ ฀H฀a฀u฀C฀l฀4฀,฀ 8  m฀L฀ ฀o฀f฀ ฀0฀.฀0 0 4  M  A฀g฀N฀O฀3 ,  2 .฀8  ฀m L  ฀o฀f฀ ฀0 .฀0฀7฀7฀8฀ ฀M฀ ฀a฀s฀c฀o฀r฀b฀i฀c฀ ฀a฀c฀i฀d฀.฀ ฀1฀0฀8฀ 
฀T฀h฀e฀n฀,฀ ฀0฀.฀4฀ ฀m฀L฀ ฀o฀f฀ ฀t฀h฀e฀ ฀c฀o฀l฀l฀o฀i฀d฀a฀l฀ ฀g฀o฀l฀d฀ ฀s฀e฀e฀d฀s฀ ฀w฀a฀s฀ ฀a฀d฀d฀e฀d฀ ฀t฀o฀ ฀t฀h฀e฀ ฀g฀r฀o฀w฀t฀h฀ ฀s o l฀u t฀i฀o฀n฀ ฀a฀n d  t฀h฀e฀ ฀r฀e฀a฀c฀t฀i o n฀ ฀1฀0฀9฀ 
฀m฀i฀x฀t฀u฀r฀e฀ ฀w฀a฀s฀ ฀l฀e฀f฀t฀ ฀o฀n฀ ฀t฀h฀e฀ ฀b฀e฀n฀c฀h฀ ฀u฀n฀d฀i฀s฀t฀u฀r฀b฀e฀d฀ ฀o฀v฀e฀r฀n฀i฀g฀h฀t฀.฀ ฀T฀h฀e฀ ฀o฀b฀t฀a฀i฀nd  n a n o r o d s  w฀e฀r฀e฀ s p u฀n฀ d o฀w฀n฀ ฀b฀y฀ ฀1฀1฀0฀ 
฀c฀e฀n฀t฀r฀i฀f฀u฀g฀a฀t฀i฀o฀n฀ ฀(฀1฀4฀5฀0฀0฀ ฀r฀p฀m฀,฀ ฀1฀2฀ ฀m฀i฀n฀)฀ ฀a฀n฀d฀ ฀f฀i฀n฀a฀l฀l฀y฀ ฀r฀e฀-฀s฀u฀s฀p฀e฀n฀d฀e฀d฀ ฀i฀n฀ ฀2฀ ฀m฀L฀ ฀o฀f฀ ฀d฀i฀s฀t฀i l l e฀d  w฀a฀t e฀r฀.  T฀h฀i฀s฀ ฀1฀1฀1฀ 
฀p฀r฀o฀c฀e฀s฀s฀ ฀p฀r฀o฀d฀u฀c฀e฀d฀ ฀g฀o฀l฀d฀ ฀n฀a฀n฀o฀r฀o฀d฀s฀ ฀o฀f฀ ฀d฀i฀a฀m฀e฀t฀e฀r฀ ฀1฀2฀.฀7฀ ฀±฀ ฀1฀.฀8฀ ฀n฀m฀ ฀a฀n฀d฀ ฀l฀en g฀t h  5 1 . 6  ±  8 . 2  ฀n฀m  a s฀ d e฀r i v e d  ฀1฀1฀2฀ 
฀f฀r฀o฀m฀ ฀T฀E฀M฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀(฀F฀i฀g฀u฀r฀e฀ ฀1฀(฀a฀)฀)฀,฀ ฀a฀n฀d฀ ฀l฀o฀n฀g฀i฀t฀u฀d฀i฀n฀a฀l฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀p฀l฀a฀s฀m฀o฀n฀ ฀r฀e฀s฀o฀n a n c฀e฀ p e฀a฀k฀ c e฀n฀t฀e฀r฀e฀d฀ ฀a฀t฀ ฀1฀1฀3฀ 
฀8฀0฀0฀ ฀n฀m฀.฀ ฀ ฀E฀x฀p฀e฀r฀i฀m฀e฀n฀t฀a฀l฀l฀y฀,฀ ฀r฀e฀p฀r฀o฀d฀u฀c฀i฀b฀i฀l฀i t฀y฀ o f  f u r t h e  f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀iz a t i o n  w฀a฀s  e฀n฀s฀u฀r฀e฀d฀ ฀b฀y฀ ฀p฀r฀o฀d฀u฀c฀i฀n฀g฀ ฀1฀1฀4฀ 
฀n฀a฀n฀o฀r฀o฀d฀s฀ ฀o฀f฀ ฀s฀i฀m฀i฀l฀a฀r฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀p฀la s m฀o฀n฀ ฀r฀e฀s฀o฀n฀a฀n c e  ฀p r฀o฀p฀e฀r฀t฀y฀.฀ ฀ ฀ ฀ ฀1฀1฀5฀ 
3.3 Ligand Exchange of Nanorods  ฀1฀1฀6฀ 
฀T฀h฀e ฀C฀T฀A฀B฀ ฀s฀u฀r฀f฀a฀c฀t฀a฀n฀t฀ ฀o฀n฀ ฀t฀h฀e฀ ฀G฀N฀R฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀w฀a฀s฀ r฀e฀p฀l฀a฀c e d  w฀i฀t฀h฀ ฀m฀e฀r฀c฀a฀p฀t฀o฀h฀e฀x a n o i c  a฀c฀i฀d฀ ฀(฀M฀H A )  ฀1฀1฀7฀ 
฀u฀s฀i฀n฀g฀ ฀a฀ ฀r฀o฀u฀n฀d฀-฀t฀r฀i฀p฀ ฀p฀h฀a฀s฀e฀ ฀t฀r฀a฀n฀s฀f฀e฀r฀ ฀l฀i฀g฀a฀n฀d฀ ฀e฀x฀c฀h฀a฀n฀g฀e฀ ฀a฀p฀p฀r฀o฀a฀c฀h฀.฀3฀6฀ F฀i r s฀t l y ,  t h e  C฀T฀A฀B  c o a t฀e฀d฀ ฀G฀N R฀s  ฀1฀1฀8฀ 
฀(฀N฀R฀-฀C฀T฀A฀B฀)฀ ฀w฀e฀r฀e฀ ฀e฀x฀t฀r฀a฀c฀t฀e฀d฀ ฀f฀r฀o฀m฀ ฀t฀h฀e฀ ฀a฀q฀u฀e฀o฀u฀s฀ ฀p฀h฀a฀s฀e฀ ฀t฀o฀ ฀t฀h฀e฀ ฀o฀r฀g฀a฀n฀i฀c฀ p h a฀s฀e฀ b y  d o฀d฀e฀c a n e t h i o l฀ ฀1฀1฀9฀ 
฀(฀D฀D฀T฀)฀ ฀u฀p฀o฀n฀ ฀t฀h฀e฀ ฀a฀d฀d฀i฀t฀i฀o฀n฀ ฀o฀f฀ ฀a฀c฀e฀t฀o฀n฀e฀ ฀f฀o฀l฀l฀o฀w฀i฀n฀g฀ ฀a฀ ฀f฀e฀w฀ ฀s฀e฀c฀o฀n฀d฀ ฀s฀w฀i฀r฀l฀i n฀g฀.  D฀u฀r฀i฀n฀g฀ ฀t฀h฀i s฀ ฀p฀r o c e s s ,  t h฀e฀ ฀1฀2฀0฀ 
฀C฀T฀A฀B฀ ฀w฀a฀s฀ ฀d฀i฀s฀p฀l฀a฀c฀e฀d฀ ฀b฀y฀ ฀D฀D฀T฀,฀ ฀r฀e฀s฀u฀l฀t฀i฀n฀g฀ ฀i฀n฀ ฀D฀D฀T฀ ฀c฀o฀a฀t฀e฀d฀ ฀G฀N฀R฀ ฀(฀N฀R฀-฀D฀D฀T฀)฀.฀ ฀T฀h  v o l u฀m฀e฀ ฀r฀a฀t฀i o  ฀o฀f฀ ฀1฀2฀1฀ 
฀t฀h฀e฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀e฀d฀ ฀N฀R฀-฀C฀T฀A฀B฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀,฀ ฀D฀D฀T฀ ฀a฀n฀d฀ ฀a฀c฀e฀t฀o฀n฀e฀ ฀w฀a฀s฀ ฀1฀:฀1฀:฀4฀.฀ ฀Th e  e x฀c฀e s s  D฀D฀T฀ ฀w a s  t h e฀n฀ ฀1฀2฀2  




฀c฀e฀n฀t฀r฀i฀f฀u฀g฀a฀t฀i฀o฀n฀ ฀(฀5฀0฀0฀0฀ ฀r฀p฀m฀,฀ ฀8฀ ฀m฀i฀n฀)฀.฀ ฀T฀h฀e฀ ฀N฀R฀-฀D฀D฀T฀ ฀w฀e฀r฀e฀ ฀r฀e฀-฀s฀u฀s฀p฀e฀n฀d฀e฀d฀ ฀i฀n฀ ฀1฀ ฀m L  t o l u e n e฀ ฀b฀y฀ ฀b r i e฀f฀ ฀1฀2฀4฀ 
฀s฀o฀n฀i฀c฀a฀t฀i฀o฀n฀.฀ ฀N฀e฀x฀t฀,฀ ฀t฀h฀e฀ ฀G฀N฀R฀ ฀w฀e฀r฀e฀ ฀e฀x฀t฀r฀a฀c฀t฀e฀d฀ ฀b฀a฀c฀k฀ ฀t฀o฀ ฀t฀h฀e฀ ฀a฀q฀u฀e฀o฀u฀s฀ ฀p฀h฀a฀s฀e฀ u s฀i n g  M฀H A  ฀a฀s฀ ฀t h e  ฀1฀2฀5฀ 
฀e฀x฀c฀h฀a฀n฀g฀e฀d฀ ฀l฀i฀g฀a฀n฀d฀.฀ ฀T฀h฀e฀ ฀N฀R฀-฀D฀D฀T฀ ฀w฀e฀r฀e฀ ฀a฀d฀d฀e฀d฀ ฀t฀o฀ ฀9฀ ฀m฀L฀ ฀o฀f฀ ฀0฀.฀0฀1฀ ฀M฀ ฀M฀H฀A฀ ฀in  ฀t฀o฀l u e n e  a t  ~ 9 0  ฀o฀C฀ a฀n฀d฀ ฀1฀2฀6฀ 
฀v฀i฀g฀o฀r฀o฀u฀s฀l฀y฀ ฀s฀t฀i฀r฀r฀e฀d฀.฀ ฀R฀e฀f฀l฀u฀x฀ ฀a฀n฀d฀ ฀s฀t฀i฀r฀r฀i฀n฀g฀ ฀c฀o฀n฀t฀i฀n฀u฀e฀d฀ ฀u฀n฀t฀i฀l฀ ฀v฀i฀s฀i฀b฀l฀e a g฀g฀r e฀g฀a฀t i o n฀ ฀w฀a s฀ ฀o฀b s฀e฀r฀v e d  ฀(฀w i฀t฀h฀i฀n฀1฀2฀7฀ 
฀~฀1฀5฀ ฀m฀i฀n฀)฀,฀ ฀i฀n฀d฀i฀c฀a฀t฀i฀n฀g฀ ฀t฀h฀a฀t฀ ฀M฀H฀A฀ ฀h฀a฀s฀ ฀r฀e฀p฀l฀a฀c฀e฀d฀ ฀t฀h฀e฀ ฀D฀D฀T฀.฀ ฀T฀h฀e฀ ฀M฀H฀A฀ ฀c฀o฀a฀t฀e d฀ ฀G฀N฀R฀ ฀(฀N R - M฀H฀A )  ฀w e฀r  ฀1฀2฀8฀ 
฀t฀h฀e฀n฀ ฀l฀e฀f฀t฀ ฀t฀o฀ ฀s฀e฀d฀i฀m฀e฀n฀t฀,฀ ฀w฀a฀s฀h฀e฀d฀ ฀t฀w฀i฀c฀e฀ ฀w฀i฀t฀h฀ ฀a฀l฀i฀q฀u฀o฀t฀s฀ ฀o฀f฀ ฀t฀o฀l฀u฀e฀n฀e฀ ฀v฀ia  d e c a n t a t฀i฀o฀n฀ ฀a฀n฀d  ฀o n c e  w฀i h  a n฀ ฀1฀2฀9  
฀a฀l฀i฀q฀u฀o฀t฀ ฀o฀f฀ ฀i฀s฀o฀p฀r฀o฀p฀a฀n฀o฀l฀ ฀t฀o฀ ฀r฀e฀m฀o฀v฀e฀ ฀a฀l฀l฀ ฀r฀e฀a฀c฀t฀i฀o฀n฀ ฀b฀y฀p฀r฀o฀d฀u฀c฀t฀s฀ ฀a฀n฀d฀ ฀e฀x฀c฀e฀s฀s฀ ฀M฀H A . F i n฀a฀l฀l y ,  t h e N฀R฀-฀1฀3฀0฀ 
฀M฀H฀A฀ ฀w฀e฀r฀e฀ ฀r฀e฀-฀s฀u฀s฀p฀e฀n฀d฀e฀d฀ ฀i฀n฀ ฀1฀×฀T฀r฀i฀s฀-฀b฀o฀r฀a฀t฀e฀-฀E฀D฀T฀A฀ ฀(฀T฀B฀E฀)฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀8฀.฀ 3 )  ฀ w฀ i฀ t h฀  a฀  ฀ h฀ i฀ g฀ h  ฀1฀3฀1฀ 
฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀~฀1฀0฀0฀ ฀n฀M฀.฀ ฀T฀h฀e฀ ฀G฀N฀R฀ ฀c฀o฀n฀c฀e฀n฀t r a t฀i฀o฀n฀s฀ ฀w฀e฀r฀e  ฀d฀e฀t฀e฀r฀m฀i฀n฀ed  b y฀ ฀o p t i c a l฀ a b s฀o r฀p฀t฀i฀o฀n฀ ฀1฀3฀2฀ 
฀u฀s฀i฀n฀g฀ ฀t฀h฀e฀ ฀r฀e฀p฀o฀r฀t฀e฀d฀ ฀e฀x฀t i n c t i n  c o e f f฀i฀c฀i฀e฀n฀t฀s฀.฀3฀7฀ ฀1฀3฀3฀ 
3.4 Hairpin DNA Functionalization of Nanorods฀1฀3฀4฀ 
฀A฀ ฀t฀h฀i฀o฀l฀a฀t฀e฀d฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀D฀N฀A฀ ฀(฀h฀p฀D฀N฀A฀)฀ ฀w฀i฀t฀h฀ ฀a฀ ฀6฀-฀c฀a฀r฀b฀o฀x฀y฀f฀l฀u฀o฀r฀e฀s฀c฀e฀i฀n฀ ฀(฀F฀A฀M฀)฀ ฀l฀a฀b฀e฀l฀ ฀i฀n฀ ฀t฀h฀e ฀3฀’฀ ฀e฀n d฀ ฀(฀5฀’฀-฀1฀3฀5฀ 
฀H฀S฀-฀(฀C฀H฀2฀)6฀-฀T฀T฀T฀T฀T฀ ฀G฀C฀G฀A฀G฀ ฀T฀T฀G฀ ฀G฀T฀G฀ ฀A฀A฀G฀ ฀C฀T฀A฀ ฀A฀C฀G฀ ฀T฀T฀G฀ ฀A฀G฀G฀ ฀C฀T฀C฀G฀C฀-฀F฀A฀M฀-฀3฀’฀;฀ ฀t฀h฀e฀ ฀1฀3฀6฀ 
฀u฀n฀d฀e฀r฀l฀i฀n฀e฀d฀ ฀b฀a฀s฀e฀s฀ ฀r฀e฀p฀r฀e฀s฀e฀n฀t฀ ฀t฀h฀e฀ ฀s฀t฀e฀m฀ ฀s฀e฀q฀u฀e฀n฀c฀e฀)฀ ฀w฀a฀s฀ ฀d฀e฀s฀i฀g฀n฀e฀d฀ ฀t฀o฀ ฀re c o g n฀i฀z฀e฀ ฀a฀ ฀2฀1 - n฀u฀c฀l o t i฀d e  ฀r฀e฀g i฀o฀n฀ ฀1฀3฀7฀ 
฀o฀f฀ ฀c฀-฀m฀y฀c฀ ฀m฀R฀N฀A฀.฀ ฀A฀ ฀5฀-฀b฀a฀s฀e฀ ฀p฀o฀l฀y฀t฀h฀y฀m฀i฀n฀e฀ ฀s฀p฀a฀c฀e฀r฀ ฀w฀a฀s฀ ฀i฀n฀s฀e฀r฀t฀e฀d฀ ฀f฀o฀l฀l฀o฀w฀i฀n฀g฀ ฀t h฀e฀ ฀5฀’  t h i฀o l฀ ฀i฀n฀ ฀o฀r฀d฀e฀r฀ ฀t฀o฀ ฀1฀3฀8฀ 
฀r฀e฀d฀u฀c฀e฀ ฀s฀e฀l฀f฀-฀a฀d฀s฀o฀r฀p฀t฀i฀o฀n฀ ฀o฀f฀ ฀D฀N฀A฀ ฀t฀o฀ ฀t฀h฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀o฀f฀ ฀G฀N฀R฀.฀3฀8฀,฀3฀9 T h e  d i฀s฀u฀l฀f฀i d e฀ ฀b฀o฀n฀d฀s฀ ฀o฀f฀ ฀t฀h฀i฀o฀l a฀t฀e฀d฀ ฀1฀3฀9฀ 
฀h฀p฀D฀N฀A฀ ฀w฀e฀r฀e฀ ฀r฀e฀d฀u฀c฀e฀d฀ ฀b฀y฀ ฀t฀r฀i฀s฀(฀2฀-฀c฀a฀r฀b฀o฀x฀y฀e฀t฀h฀y฀l฀)฀p฀h฀o฀s฀p฀h฀i฀n฀e฀ ฀h฀y฀d฀r฀o฀c฀h฀l฀o฀r฀id฀e฀ ฀(฀T฀C E P )  i฀n฀ ฀1฀× T E  b฀u฀f f e r  ฀1฀4฀0฀ 
฀(฀p฀H฀ ฀8฀.฀0฀)฀ ฀w฀i฀t฀h฀ ฀T฀C฀E฀P฀/฀D฀N฀A฀ ฀m฀o฀l฀a฀r฀ ฀r฀a฀t฀i฀o฀ ฀o฀f฀ ฀1฀0฀0฀:฀1฀.฀ ฀A฀f฀t฀e฀r฀ ฀6฀0฀-฀m฀i฀n฀ ฀i฀n฀c฀u฀b฀a฀t฀i฀o฀n฀ ฀a฀t฀ ฀r฀o฀o฀m฀ ฀t฀e฀m฀p฀eu฀r e  ฀1฀4฀1฀ 
฀w฀h฀i฀l฀e฀ ฀s฀h฀a฀k฀i฀n฀g฀,฀ ฀t฀h฀e฀ ฀a฀c฀t฀i฀v฀a฀t฀e฀d฀ ฀D฀N฀A฀ ฀w฀a฀s฀ ฀p฀r฀e฀c฀i฀p฀i฀t฀a฀t฀e฀d฀ ฀f฀r฀o฀m฀ ฀t฀h฀e฀ ฀m฀i฀x฀t฀u฀r e฀ ฀b฀y฀ s o฀d฀i฀u฀m฀ ฀a฀c฀e฀t฀a฀t฀e฀ a n d  ฀1฀4฀2฀ 
฀e฀t฀h฀a฀n฀o฀l฀.฀ ฀S฀p฀e฀c฀i฀f฀i฀c฀a฀l฀l฀y฀,฀ ฀t฀o฀ ฀t฀h฀e฀ ฀r฀e฀d฀u฀c฀e฀d฀ ฀D฀N฀A฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀,฀ ฀a฀p฀p฀r฀o฀p฀r฀i฀a฀t฀e q u a฀n฀t฀i t i s  ฀o f฀ ฀3฀ ฀M฀ ฀s o฀d฀i u฀m฀ ฀a฀c฀e t a t฀e฀ ฀1฀4฀3฀ 
฀a฀n฀d฀ ฀1฀0฀0฀%฀ ฀e฀t฀h฀a฀n฀o฀l฀ ฀w฀e฀r฀e฀ ฀a฀d฀d฀e฀d฀ ฀s฀o฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀f฀i฀n฀a฀l฀ ฀s฀a฀l฀t฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n  ฀w a s  ฀0 .฀3฀ ฀M฀ n฀d฀ ฀t฀h฀e฀ ฀f฀i฀n฀a฀l฀ ฀e฀t฀h฀a฀n฀o฀l฀ ฀1฀4฀4฀ 




฀1฀3฀0฀0฀0฀ ฀r฀p฀m฀.฀ ฀T฀h฀e฀ ฀s฀u฀p฀e฀r฀n฀a฀t฀a฀n฀t฀ ฀w฀a฀s฀ ฀d฀i฀sc a r d e d  a d  t h e p฀e฀l฀l฀e฀t฀ ฀w฀a฀s฀ ฀r฀e฀-฀s฀u฀s฀p e n d e d  i n฀ 1 ×฀T฀E฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀1฀4฀6฀ 
฀8฀.฀0฀)฀.฀ ฀ ฀1฀4฀7฀ 
฀T฀h฀e฀ ฀N฀R฀-฀M฀H฀A฀ ฀w฀e฀r฀e฀ ฀c฀o฀n฀j฀u฀g฀a฀t฀e฀d฀ ฀w฀i฀t฀h฀ ฀h฀p฀D฀N฀A฀ ฀b฀y฀ ฀a฀ ฀s฀a฀l฀t฀ ฀a฀g฀i฀n฀g฀ ฀p฀r฀o฀c฀e฀s฀s฀.฀4฀0฀,฀4฀1 T h e  h฀p฀D฀N฀A฀ ฀o฀f฀1฀4฀8฀ 
฀d฀i฀f฀f฀e฀r฀e฀n฀t฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀s฀ ฀(฀5฀.฀0฀,฀ ฀3฀.฀5฀,฀ ฀2฀.฀0฀,฀ ฀1฀.฀0฀,฀ ฀0฀.฀5฀ ฀µ฀M฀)฀ ฀w฀e฀r฀e฀ ฀i฀n฀c฀u฀b฀a฀t฀e฀d  w i t h  5฀ ฀n฀M฀ N R฀-฀M฀H A ,  ฀1฀4฀9฀ 
฀r฀e฀s฀p฀e฀c฀t฀i฀v฀e฀l฀y฀,฀ ฀i฀n฀ ฀1฀0฀ ฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀7฀.฀0฀)฀ ฀w฀i฀t฀h฀ ฀0฀.฀0฀2฀ ฀(฀w฀t฀/฀v฀o฀l฀)฀ ฀%฀ S D S  a฀t฀ ฀r฀o฀o฀m฀ ฀1฀5฀0฀ 
฀t฀e฀m฀p฀e฀r฀a฀t฀u฀r฀e฀.฀ ฀A฀f฀t฀e฀r฀ ฀3฀-฀h฀o฀u฀r฀ ฀i฀n฀c฀u฀b฀at i o n ,  1 0฀ µ฀L฀ ฀o฀f฀ ฀s฀a฀l t i n฀g฀ ฀s฀o฀l฀u฀t฀i฀o฀n฀ ฀c฀o฀n t a i฀n฀i฀n฀g฀ ฀5฀0฀0  m฀M฀ ฀N฀a฀C฀l฀,฀ ฀a฀n฀d฀ ฀1฀5฀1  
฀0฀.฀0฀2฀%฀ ฀s฀o฀d฀i฀u฀m฀ ฀d฀o฀d฀e฀c฀y฀l฀ ฀s฀u฀l฀f฀a฀t฀e฀ ฀(฀S฀D฀S฀)฀ ฀i฀n฀ ฀1฀0฀ ฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀pH฀ ฀7฀.฀0฀)฀ ฀w฀a฀s฀ ฀a฀d฀d฀e฀d฀ ฀t฀o  ฀t฀h฀e฀ ฀1฀5฀2฀ 
฀m฀i฀x฀t฀u฀r฀e฀ ฀e฀v฀e฀r฀y฀ ฀6฀0฀ ฀m฀i฀n฀.฀ ฀T฀h฀i฀s฀ ฀s฀t฀e฀p฀ ฀w฀a฀s฀ ฀r฀e p฀e a t e d  f o r a  t o t a฀l฀ ฀o฀f฀ ฀f฀i฀ve฀ ฀t฀i฀m e s  t฀o  r e a c h  a฀ ฀f฀i฀n฀a฀l฀ ฀N฀a฀C฀l฀ ฀1฀5฀3฀ 
฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀1฀0฀0฀ ฀m฀M฀.฀ ฀T฀h฀e฀ ฀s฀a฀l฀t฀e฀d฀ ฀s฀a฀m฀p฀l฀e฀ ฀w฀a฀s฀ ฀f฀u฀r฀t฀h฀e฀r฀ ฀i฀n฀c฀u฀b฀a฀t฀e฀d  a t  ฀r฀o o m  t฀e฀m฀p฀e฀r฀a฀t u฀r e฀ f o r  1 6  ฀1฀5฀4฀ 
฀h฀o฀u฀r฀s฀.฀ ฀T฀h฀e฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀ ฀c฀o฀n฀j฀u฀g฀a฀t฀e฀s฀ ฀w฀e฀r฀e p u r i฀f฀i e d  o f  e x c s  r฀e a฀g฀e฀n฀t฀s฀ ฀v i฀a฀ ฀c฀e฀n฀t฀r฀i f u฀g฀a฀t฀i o฀n฀ ฀a฀t฀ ฀1฀3฀0฀0฀0฀ ฀1฀5฀5฀ 
฀r฀p฀m฀ ฀f฀o฀r฀ ฀1฀5฀ ฀m฀i฀n฀ ฀a฀t฀ ฀4฀ ฀o฀C฀.฀ ฀T฀h฀e฀ ฀p฀r฀e฀c฀i฀p฀i฀t฀a฀t฀e฀ ฀w฀a฀s฀ ฀w฀a฀s฀h฀e฀d฀ ฀f฀o฀u฀r฀ ฀t฀i฀m฀e฀s฀ ฀w฀i฀t฀h฀ ฀w฀a฀s฀h฀i฀n฀g฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀1฀0฀ ฀m฀M  ฀1฀5฀6฀ 
฀P฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀+฀ ฀0฀.฀0฀2฀%฀ ฀S฀D฀S฀,฀ ฀p฀H฀ ฀7฀.฀5฀)฀,฀ ฀a฀n฀d฀ ฀a฀n฀ ฀a฀d฀d฀i฀t฀i฀o฀n฀a฀l฀ ฀t฀h฀r฀e฀e฀ ฀t฀i฀m฀e฀s฀ ฀w฀i฀t฀h฀ ฀1฀0฀ ฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀at฀e  ฀1฀5฀7฀ 
฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀7฀.฀5฀)฀ ฀b฀y฀ ฀r฀e฀p฀e฀t฀i฀t฀i฀v฀e฀ ฀c฀e฀n฀t฀r฀i฀f฀u฀g฀a฀t฀i฀o฀n฀ ฀a฀n d  d i s p฀e฀r฀s฀i฀o฀n฀,฀ ฀w฀hi c h  ฀w a฀s฀ ฀f฀i฀n฀a฀l฀l฀y฀ ฀r฀e฀-฀s฀u฀s฀p฀e฀n฀d฀e฀d฀ ฀i฀n฀ ฀1฀0฀ ฀1฀5฀8฀ 
฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀7฀.฀5฀)฀ ฀a฀n฀d฀ ฀s฀t฀o฀r฀e฀d฀ ฀a฀t฀ ฀4฀ ฀o C฀.฀  ฀1฀5฀9฀ 
3.5 Quantitation of Hairpin DNA Loading on Nanorods฀1฀6฀0฀ 
฀T฀h฀e฀ ฀h฀p฀D฀N฀A฀ ฀l฀o฀a฀d฀e฀d฀ ฀o฀n฀ ฀G฀N฀R฀ ฀w฀a฀s฀ ฀q฀u฀a฀n฀t฀i฀f฀i฀e฀d฀ ฀b฀y฀ ฀c฀h฀e฀m฀i฀c฀a฀l฀ ฀d฀i฀s฀p฀l฀a฀c฀e฀m฀e฀n฀t฀ ฀a฀n฀d฀ ฀f฀l u o r e฀s฀c฀e฀n฀c฀e฀ ฀1฀6฀1฀ 
฀s฀p฀e฀c฀t฀r฀o฀s฀c฀o฀p฀y฀.฀3฀8 T฀h฀e฀ p u r฀i฀f฀i฀e฀d฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀ ฀c฀o฀n฀j฀u฀g฀a฀t฀e฀s฀ ฀w฀e฀r฀e฀ ฀i฀n฀c฀u฀b฀a฀t฀e฀d฀ ฀i฀n฀ ฀2฀0฀ ฀m฀M฀ ฀m฀e฀r฀c฀ap t o e t฀h฀a฀n o l  ฀1฀6฀2฀ 
฀(฀M฀E฀)฀ ฀o฀v฀e฀r฀n฀i฀g฀h฀t฀ ฀w฀i฀t฀h฀ ฀s฀h฀a฀k฀i฀n฀g฀ ฀a฀t฀ ฀r฀o฀o฀m฀ ฀t฀e฀m฀p฀e฀r฀a฀t฀u฀r฀e฀,฀ ฀d฀i฀s฀p฀l฀a฀c฀i฀n฀g฀ ฀t฀h฀e฀  h p฀ D฀ N A฀  f r o m฀  G N฀ R .  ฀ T฀ h e฀  ฀1฀6฀3฀ 
฀r฀e฀l฀e฀a฀s฀e฀d฀ ฀h฀p฀D฀N฀A฀s฀ ฀w฀e฀r฀e฀ ฀t฀h฀e฀n฀ ฀s฀e฀p฀a฀r฀a฀t e d f฀r฀o฀m G฀N฀R฀ ฀v฀i฀a฀ ฀c฀e฀n฀t฀r฀i฀f฀u฀g฀a฀t฀i฀o฀n฀ (฀1 3 5 0 0  r p m฀,฀ ฀1฀5฀ ฀m i n )฀.฀ ฀T฀h฀e฀ ฀1฀6฀4฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀d฀i฀s฀p฀l฀a฀c฀e฀d฀ ฀h฀p฀D฀N฀A฀ ฀w฀a฀s฀ ฀m฀e฀a฀s฀u฀r฀e฀d฀ ฀a฀n฀d฀ ฀c฀o฀n฀v฀e฀r฀t฀e฀d฀ t o  m o l a r  ฀c฀o฀n c฀e n t r a฀t฀i฀o฀n฀ ฀o฀f฀ ฀1฀6฀5฀ 
฀h฀p฀D฀N฀A฀ ฀b฀y฀ ฀i฀n฀t฀e฀r฀p฀o฀l฀a฀t฀i฀o฀n฀ ฀f฀r฀o฀m฀ ฀a฀ ฀s฀t฀a฀n฀d a r฀d  l i n e a r  c a฀l฀i฀b฀r฀a฀t฀i฀o฀n฀ ฀c฀u฀r฀v฀e฀,  w฀h฀i c h  w a s฀ ฀p฀r e p a฀r ฀d฀ ฀w฀i฀t฀h฀ ฀1฀6฀6฀ 




฀a฀n฀d฀ ฀M฀E฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀.฀ ฀T฀h฀e฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀n฀u฀m฀b฀e฀r฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀p฀e฀r฀ ฀G฀N฀R฀ ฀w฀a฀s฀ ฀ob t i n e d  b y  d i฀v฀i฀d฀i฀n฀g฀ ฀t฀h฀e฀ ฀1฀6฀8฀ 
฀m฀o฀l฀a฀r฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀b฀y฀ ฀t฀h฀e฀ ฀o฀r฀i฀g฀i฀n฀a฀l฀ ฀G฀N R  ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀.฀ ฀1฀6฀9฀ 
3.6 Hybridization Efficiency of NR-hpDNA probes฀1฀7฀0฀ 
฀H฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ ฀w฀a฀s฀ ฀q฀u฀a฀n฀t฀i฀f฀i฀e฀d฀ ฀a฀c฀c฀o฀r฀d฀i฀n฀g฀ ฀t฀o฀ ฀t฀h฀e฀ ฀p฀u฀b฀l฀i฀sh e d  ฀p฀r฀o฀t฀o฀c฀o฀l฀.฀3฀8 T A M฀R฀A -฀l฀a b e l e d  ฀1฀7฀1฀ 
฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀a฀r฀y฀ ฀D฀N฀A฀ ฀(฀T฀M฀R฀-฀c฀D฀N฀A฀)฀ ฀w฀e฀r฀e฀ ฀i฀n฀c฀u฀b฀a฀t฀e฀d฀ ฀w฀i฀t฀h฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀ ฀u฀n฀d฀e฀r h฀y b r฀i฀d฀i฀z฀a฀t฀i o n  ฀1฀7฀2฀ 
฀c฀o฀n฀d฀i฀t฀i฀o฀n฀s฀ ฀(฀3฀ ȝ฀M฀ ฀T฀M฀R฀-฀c฀D฀N฀A฀,฀ ฀1฀0฀ ฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀w฀i฀t฀h฀ ฀1฀0฀0฀ ฀m฀M฀ ฀N฀a C l ,฀ ฀p฀H฀ ฀7฀. 5 ,  2 4  h ) .  ฀1฀7฀3฀ 
฀N฀o฀n฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀c฀D฀N฀A฀-฀T฀M฀R฀ ฀w฀e฀r฀e฀ ฀r฀e฀m฀o฀v฀e฀d฀ ฀a฀n฀d฀ ฀r฀i฀n฀s฀e฀d฀ ฀t฀h฀r฀e฀e฀ ฀t฀i฀m฀e฀s฀ ฀b฀y฀ ฀1฀0฀ ฀m฀M  p฀h฀o s p h a t e  b u f f e r  ฀1฀7฀4฀ 
฀(฀p฀H฀ ฀7฀.฀5฀)฀ ฀t฀h฀r฀o฀u฀g฀h฀ ฀c฀e฀n฀t฀r฀i฀f฀u฀g฀a฀t฀i฀o฀n฀ ฀(฀1฀3฀5฀0฀0฀ ฀r฀p฀m฀,฀ ฀1฀5฀ ฀m฀i฀n฀)฀.฀ ฀A฀f฀t฀e฀r฀ ฀t฀h฀a฀t฀,  t h e  ฀T฀M฀R - c D N A฀s฀ ฀w฀e฀r฀e฀ ฀1฀7฀5฀ 
฀d฀e฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀b฀y฀ ฀a฀d฀d฀i฀t฀i฀o฀n฀ ฀o฀f฀ ฀N฀a฀O฀H฀ ฀(฀f฀i฀n฀a฀l฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀ ฀5฀0฀ ฀m฀M฀,฀ ฀p฀H฀ 1 1 -฀1฀2฀,฀ ฀2  ฀h฀)฀.฀ ฀T฀h฀e฀ ฀1฀7฀6฀ 
฀d฀e฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀T฀M฀R฀-฀c฀D฀N฀A฀s฀ ฀w฀e฀r฀e฀ ฀t฀h฀e฀n฀ ฀s฀e฀p฀a฀r฀a฀t฀e฀d฀ ฀f฀r฀o฀m฀ ฀t฀h฀e฀ ฀m฀i฀x฀t฀u฀r฀e฀ ฀b฀y฀ ฀c฀e n t฀r฀i฀f฀u฀g฀a฀t i o n ,  a฀n฀d฀ ฀1฀7฀7฀ 
฀n฀e฀u฀t฀r฀a฀l฀i฀z฀e฀d฀ ฀b฀y฀ ฀a฀d฀d฀i฀t฀i฀o฀n฀ ฀o฀f฀ ฀1฀ ฀M฀ ฀H฀C฀l฀.฀ ฀T฀h฀e฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀d฀e฀h฀y฀b฀ri d i z e d  ฀T฀M R - c D฀N฀A฀ ฀a฀n฀d฀ ฀t฀h฀e฀ ฀1฀7฀8฀ 
฀c฀o฀r฀r฀e฀s฀p฀o฀n฀d฀i฀n฀g฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ ฀w฀e฀r฀e฀ ฀d฀e฀t฀e฀r฀m i฀n e d  b฀y฀ ฀f฀l฀u฀o฀re s c e n฀c  s p e c t r o s c p฀y฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀.฀ ฀ ฀1฀7฀9฀ 
3.7 Hybridization Kinetics฀1฀8฀0฀ 
฀T฀h฀e฀ ฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀a฀r฀y฀ ฀D฀N฀A฀ ฀(฀c฀D฀N฀A฀)฀ ฀w฀a฀s฀ ฀u฀s฀e฀d฀ ฀t o  ฀i฀n฀v฀e฀s฀t i฀g a t฀e฀ ฀t฀h฀e฀ ฀h฀y฀b฀r฀i฀di z฀a฀t฀i o n  k i n฀e฀t฀i฀c s  o฀f฀ ฀t฀h฀e฀ ฀1฀8฀1฀ 
฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀.฀ ฀T฀h฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀e฀x฀p฀er i฀m e n t s฀ ฀w e r e  c a฀r r i d  ฀o฀u฀t฀ ฀i฀n฀ ฀t฀h฀e฀ ฀h฀y b r฀i฀d฀i฀z฀a฀t฀i฀o฀n  ฀b u฀f฀f฀e฀r฀ ฀(฀1฀0฀ ฀m฀M฀ ฀1฀8฀2฀ 
฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀o฀f฀ ฀p฀H฀ ฀7฀.฀5฀,฀ ฀1฀0฀0฀ ฀m฀M฀ ฀N฀a฀C฀l฀)฀ ฀c฀o฀n฀t฀a฀i฀n฀i฀n฀g฀ ฀0฀.฀2฀2฀ ฀n฀M฀ ฀n฀a฀no p r o฀b฀e฀s฀ a฀n d฀ ฀8฀8฀0฀ ฀n฀M  c D N฀A฀.฀ ฀1฀8฀3฀ 
฀T฀h฀e฀ ฀e฀x฀c฀i฀t฀a฀t฀i฀o฀n฀ ฀a฀n฀d฀ ฀e฀m฀i฀s฀s฀i฀o฀n฀ ฀w฀a฀v฀e฀le฀n฀g t h s฀ ฀w e฀r฀e  ฀4 9 0  n฀m  ฀a฀n฀d฀ ฀5฀1฀7฀ ฀n฀m฀ ฀f o r฀ ฀f฀l฀u฀o฀r e s฀c฀e฀i฀n฀,  r e฀s฀p฀e฀c฀t฀i฀v฀e฀l฀y฀.฀ ฀1฀8฀4฀ 
3.8 Sensitivity Experiment  ฀1฀8฀5฀ 
฀T฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀(฀0฀.฀2฀2฀ ฀n฀M฀)฀ ฀w฀e฀r฀e฀ ฀i฀n฀c฀u฀b฀a฀t฀e฀d฀ ฀w฀i฀t฀h฀ ฀v฀a฀r฀y฀i฀n฀g฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀s฀ ฀o฀f฀ ฀c฀D฀N฀A฀ ฀(฀0฀,฀ ฀1฀,฀ ฀5฀,฀ ฀1฀0฀,฀ ฀2฀0฀,฀ ฀1฀8฀6฀ 
฀3฀0฀,฀ ฀4฀0฀,฀ ฀5฀0฀,฀ ฀8฀0฀,฀ ฀1฀0฀0฀,฀ ฀2฀0฀0฀,฀ ฀a฀n฀d฀ ฀3฀0฀0฀ ฀n฀M฀)฀ ฀i฀n฀ ฀t฀h฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z a฀t i o n  b฀u฀f฀fe r  f o r  2  h u r s  a t฀ ฀3฀7฀ ฀o฀C  ฀b฀e฀f฀o฀r e฀ ฀1฀8฀7฀ 
฀m฀e฀a฀s฀u฀r฀i฀n฀g฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀r฀e฀c฀o฀v฀e฀r฀y฀.฀ ฀ ฀1฀8฀8฀ 




฀T฀i฀m฀e฀-฀r฀e฀s฀o฀l฀v฀e฀d฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀m฀e฀a฀s฀u฀r฀e฀m฀e฀n฀t฀s฀ ฀w฀e฀r฀e฀ ฀p฀e฀r฀f฀o฀r฀m฀e฀d฀ ฀u฀s฀i฀n฀g฀ ฀t฀h฀e฀ ฀t฀i฀m฀e฀-฀c฀o฀r฀r e l a฀t฀e d  ฀s฀i฀n฀g฀l฀e฀-฀1฀9฀0฀ 
฀p฀h฀o฀t฀o฀n฀ ฀c฀o฀u฀n฀t฀i฀n฀g฀ ฀(฀T฀C฀S฀P฀C฀)฀ ฀t฀e฀c฀h฀n฀i฀q฀u฀e฀ ฀o฀n฀ ฀a฀n฀ ฀I B H  F l u฀o฀r o c u฀b฀e฀ f฀l฀u฀o฀r฀e฀s฀ce n฀c฀e  ฀l i f e t i฀m e  s฀y s t฀e฀m฀ ฀(฀H฀o฀r฀i฀b฀a฀ ฀1฀9฀1฀ 
฀J฀o฀b฀i฀n฀ ฀Y฀v฀o฀n฀ ฀I฀B฀H฀ ฀L฀t฀d฀.฀,฀ ฀G฀l฀a฀s฀g฀o฀w฀,฀ ฀U฀K฀)฀ ฀e฀q฀u฀i฀p฀p฀e฀d฀ ฀w฀i฀t฀h฀ ฀b฀o฀t฀h฀ ฀e฀x฀c฀i฀t฀a฀t฀i฀o฀n฀ a n฀d e฀m i฀s฀s฀i o n  ฀1฀9฀2฀ 
฀m฀o฀n฀o฀c฀h฀r฀o฀m฀a฀t฀o฀r฀s฀.฀ ฀A฀ ฀p฀u฀l฀s฀e฀d฀ ฀l฀i฀g฀h฀t฀-฀e฀m i t t i n฀g  ฀d฀i฀o d e  ( L E D฀)฀ ฀o฀f฀ ฀4฀7฀4฀ ฀n฀m฀ ฀o฀p฀e฀r฀a฀t฀i฀n g  ฀a฀t฀ ฀1฀ ฀M฀H z฀ ฀r฀e฀p฀e฀t฀i฀t฀i฀o฀n฀ ฀1฀9฀3฀ 
฀r฀a฀t฀e฀ ฀w฀a฀s฀ ฀u฀s฀e฀d฀ ฀a฀s฀ ฀t฀h฀e฀ ฀e฀x฀c฀i฀t฀a฀t฀i฀o฀n฀ ฀s฀o฀u฀r฀c฀e฀.฀ ฀A฀ ฀l฀o฀n฀g฀p฀a฀s฀s฀ ฀f฀i฀l฀t฀e฀r฀ ฀o฀f฀ ฀5฀0฀5฀ ฀n฀m  w฀a฀s฀ ฀u฀s฀e฀d฀ ฀t฀o฀ ฀m฀i฀n฀i฀m฀i฀z฀e฀ ฀t฀h฀e฀ ฀1฀9฀4฀ 
฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀o฀f฀ ฀e฀x฀c฀i฀t฀a฀t฀i฀o฀n฀ ฀l฀i฀g฀h฀t฀.฀ ฀F฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀d฀e฀c฀a฀y฀s฀ ฀w฀e฀r฀e฀ ฀m฀e฀a฀s฀u฀r฀e฀d฀ ฀a฀t฀ ฀t฀h฀e฀ ฀m a g i c  a n g l฀e฀ ฀(฀5฀4฀.฀7฀o )  t o  ฀1฀9฀5฀ 
฀e฀l฀i฀m฀i฀n฀a฀t฀e฀ ฀p฀o฀l฀a฀r฀i฀z฀a฀t฀i฀o฀n฀ ฀a฀r฀t฀i฀f฀a฀c฀t฀s฀.฀ ฀D฀a฀t฀a฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀w฀a฀s฀ ฀p฀e฀r฀f฀o฀r฀m฀e฀d฀ ฀u฀s฀i฀n฀g  n o n฀l฀i n฀e฀a r  l e s t  s q u a r e s  w i t h  ฀1฀9฀6฀ 
฀t฀h฀e฀ ฀I฀B฀H฀ ฀i฀t฀e฀r฀a฀t฀i฀v฀e฀ ฀r฀e฀c฀o฀n฀v฀o฀l฀u฀t฀i฀o฀n฀ ฀s฀o฀f฀t฀w฀a฀r฀e฀ ฀(฀D฀A฀S฀6฀ ฀d฀a฀t฀a฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀p฀a฀c฀k฀a฀g฀e฀)฀.฀ ฀T฀h฀e฀ f฀l฀u฀o฀r฀e฀s฀c e n c e฀ ฀1฀9฀7  
฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀s฀ ฀w฀e฀r฀e฀ ฀a฀n฀a฀l฀y฀z฀e฀d฀ ฀i฀n฀ ฀t฀e฀r฀m฀s฀ ฀o฀f฀ ฀t฀h฀e฀ ฀m฀u฀l฀t฀i฀-฀e฀x฀p฀o฀n฀e฀n฀t฀i฀al฀ ฀m฀o d e l  ฀a฀s  ฀t฀h e  s฀u฀m  o f  i n d i฀v฀i฀d u a l  ฀1฀9฀8  
฀s฀i฀n฀g฀l฀e฀ ฀e฀x฀p฀o฀n฀e฀n฀t฀i฀a฀l฀ ฀d฀e฀c฀a฀y฀s฀:฀ ฀1฀9฀9฀ 






= −¨ ¸© ¹¦ ฀,฀ ฀ ฀(฀1฀)฀ ฀2฀0฀0฀ 
฀w฀h฀e฀r฀e฀ iτ ฀ ฀a฀r฀e฀ ฀t฀h฀e฀ ฀d฀e฀c฀a฀y฀ ฀t฀i฀m฀e฀s฀ ฀a฀n฀d฀ iα  ฀t฀h฀e฀ ฀a฀s s฀o฀c฀i฀a฀t฀e฀d฀ ฀a฀m฀p฀l฀i฀t฀u฀d฀e฀s฀.฀ ฀T฀h฀e f r a c t i฀o฀n฀a฀l฀ ฀c฀o฀n฀t r฀i฀b฀u฀t฀i฀o฀n฀ ฀o฀f฀ ฀2฀0฀1฀ 
฀e฀a฀c฀h฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀ ฀t฀o฀ ฀t฀h฀e฀ ฀s฀t฀e฀a฀d y - s฀t฀a฀t e  i฀n t e n s i t y i s  ฀r฀e฀p฀r฀e฀s฀e฀n฀t฀e฀d฀ ฀b y  ฀2฀0฀2฀ 
฀ 
i i i k kk
f =α τ α τ¦ ฀.฀ ฀ ฀(฀2฀)฀ ฀2฀0฀3฀ 
฀T฀h฀e฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀(τ )  ฀i฀s฀ ฀c฀a l฀c u l฀a฀t฀e฀d฀ ฀a฀s฀ ฀2฀0฀4฀ 
฀ 
i ii
fτ τ=¦ ฀.฀ ฀ ฀(฀3฀)฀ ฀2฀0฀5฀ 
฀A฀s฀ ฀n฀o฀t฀e฀d฀,฀ ฀a฀ ฀v฀e฀r฀y฀ ฀s฀h฀o฀r฀t฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀ ฀(฀l฀e฀s฀s฀ ฀t฀h฀a฀n฀ ฀1฀0฀0฀ ฀p฀s฀)฀ ฀w฀as  f o฀u฀n฀d฀ ฀i฀n฀ ฀b฀o t h  ฀c฀a฀s฀e s  b e f o r e  ฀2฀0฀6฀ 
฀a฀n฀d฀ ฀a฀f฀t฀e฀r฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀.฀ ฀T฀h฀i฀s฀ ฀l฀i฀fe฀t฀i฀m e  i฀s฀ ฀b e l฀o w฀ t฀h e s y฀s฀t฀e฀m฀ ฀r฀e฀s฀p฀o฀n฀s฀e฀ ฀t฀i฀m฀e  l฀i฀m฀i฀t  a฀n฀d฀ ฀i฀s฀ ฀a฀t฀t฀r฀i฀b฀u฀t฀e฀d฀ ฀t฀o฀ ฀2฀0฀7฀ 
฀t฀h฀e฀ ฀s฀c฀a฀t฀t฀e฀r฀i฀n฀g฀ ฀o฀f฀ ฀G฀N฀R฀.฀ ฀T฀h฀i฀s฀ ฀w฀a฀s฀ ฀e฀x฀c฀l฀u฀d฀e฀d฀ ฀i฀n฀ ฀t฀h฀e฀ ฀m฀u฀l฀t฀i฀-฀e฀x฀p฀o฀n฀e฀n฀t฀ia l฀ ฀f฀i฀t฀t฀i n g s฀ b y  d e l i b e r a t e l y  ฀f฀i฀x฀i฀n g  ฀2฀0฀8  
฀o฀n฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀a฀t฀ ฀a฀ ฀v a l u e  ฀o฀f฀ ฀0฀.฀5฀ ฀c฀h฀a฀n฀n฀e฀l฀s฀.฀ ฀2฀0฀9฀ 
฀T฀o฀ ฀r฀e฀t฀r฀i฀e฀v฀e฀ ฀t฀h฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀d฀i฀s฀t฀r฀i฀b฀u฀t฀i฀o฀n฀s฀,฀ ฀a฀ ฀m฀o฀d฀e฀l฀-฀f฀r฀e฀e฀ ฀m฀a฀x฀i฀m฀u฀m฀ ฀e฀n฀t฀r฀o฀p฀y  m฀e฀t฀h฀o฀d฀ ฀(฀M E M฀)฀ w฀a฀s  ฀2฀1฀0฀ 




฀t฀o฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀d฀a฀t฀a฀ ฀u฀s฀i฀n฀g฀ ฀a฀ ฀b฀r฀o฀a฀d฀ ฀w฀i฀n฀d฀o฀w฀ ฀o฀f฀ ฀d฀e฀c฀a฀y฀ ฀t฀e฀rm s  ฀f฀i t  b y฀ ฀s฀i m฀u l t a n e o u฀s฀ ฀2฀1฀2  
฀m฀i฀n฀i฀m฀i฀z฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀t฀h฀e฀ ฀2χ ฀ ฀a฀n฀d฀ ฀m a x i m i฀z฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀a฀ ฀s฀t฀a฀t฀i฀s฀t฀i฀c฀a฀l฀ ฀e฀n฀t฀r฀o฀p฀y฀ ฀f฀u฀n฀c฀t฀i฀o฀n฀.฀ ฀T฀h฀e฀ ฀l฀i฀f฀e฀t฀im e  ฀2฀1฀3฀ 
฀d฀i฀s฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ ( )h τ  i s  r฀e฀l฀a฀t฀e฀d฀ ฀t฀o฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀ ( )I t  b y   ฀2฀1฀4฀ 
฀ ( ) ( )฀0 ฀e฀x฀p
t
I t = h dτ τ
τ
∞ § ·
−¨ ¸© ¹³ ฀.฀ ฀ ฀(฀4฀)฀ ฀2฀1฀5฀ 
5HVXOWVDQG'LVFXVVLRQ฀2฀1฀6฀ 
฀T฀h฀e฀ ฀b฀i฀l฀a฀y฀e฀r฀ ฀C฀T฀A฀B฀ ฀o฀n฀ ฀t฀h฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀o฀f฀ ฀a฀s฀-฀m฀a฀d฀e฀ ฀G฀N฀R฀ ฀m฀a฀y฀ ฀n฀o฀t฀ ฀o฀n฀l฀y฀ ฀c฀a฀u฀s e  ฀c฀y t฀o t฀o x i c  e f f฀e฀c฀t฀ t o  ฀l฀i v฀i n g฀2฀1฀7฀ 
฀c฀e฀l฀l฀s฀,฀4฀3฀,฀4฀4 b u฀t฀ ฀a฀l฀s฀o฀ ฀c฀a฀n฀ ฀b฀e฀ ฀p฀r฀o฀b฀l฀e฀m฀a฀t฀i฀c฀ ฀f฀o฀r฀ ฀f฀u฀r฀t฀h฀e฀r฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀m฀o฀d฀i฀f฀i฀c฀a฀t฀i฀o฀n฀ ฀w฀i฀t฀h  b o c฀o฀n฀j฀u฀g฀a฀t฀e฀s฀.฀2฀3 T h u s ,฀ ฀2฀1฀8฀ 
฀t฀h฀e฀ ฀C฀T฀A฀B฀ ฀l฀a฀y฀e฀r฀s฀ ฀w฀e฀r฀e฀ ฀r฀e฀p฀l฀a฀c฀e฀d฀ ฀w฀i฀t฀h฀ ฀M฀H฀A฀ ฀p฀r฀i฀o฀r฀ ฀t฀o฀ ฀c฀o฀n฀j฀u฀g฀a฀t฀i฀o฀n฀ ฀w฀i฀t฀h฀ ฀h฀p฀D฀N A฀,  u s i n฀g฀ ฀a  r o u฀n฀d฀-฀t฀r฀i฀p฀ ฀2฀1฀9  
฀p฀h฀a฀s฀e฀ ฀t฀r฀a฀n฀s฀f฀e฀r฀ ฀l฀i฀g฀a฀n฀d฀ ฀e฀x฀c฀h฀a฀n฀g฀e฀ ฀a฀p฀p฀r฀o฀a฀c฀h฀.฀3฀6 A฀s฀ ฀s฀h฀o฀w฀n฀ ฀i฀n฀ ฀F฀i g฀u฀r e  1 ( b ) ,฀ t h e l o n g i t u d i n a l  ฀s฀u฀r฀f฀a฀c฀e฀ ฀2฀2฀0฀ 
฀p฀l฀a฀s฀m฀o฀n฀ ฀r฀e฀s฀o฀n฀a฀n฀c฀e฀ ฀(฀L฀S฀P฀R฀)฀ ฀o฀f฀ ฀t฀h฀e฀ ฀C฀T฀A฀B฀-฀c฀o฀a฀t฀e฀d฀ ฀G฀N฀R฀ ฀w฀a฀s฀ ฀c฀e฀n฀t฀e฀r฀e฀d฀ ฀a฀t 8 0 7  n฀m฀.฀ ฀T฀h฀i s฀ ฀L฀S P R฀ b a฀n d  ฀2฀2฀1฀ 
฀w฀a฀s฀ ฀b฀l฀u฀e฀-฀s฀h฀i฀f฀t฀e฀d฀ ฀t฀o฀ ฀7฀8฀0฀ ฀n฀m฀ ฀w฀i฀t฀h฀o฀u฀t฀ ฀s฀i฀g฀n฀i฀f฀i c a n t  b฀r฀o฀a฀d฀e฀n฀i฀n฀g฀ ฀a฀f฀t฀e฀r h e  l i g a n d  e x c h a n฀g฀e฀ ฀p฀r฀o฀c฀e฀s฀s฀,฀ ฀2฀2฀2฀ 
฀i฀n฀d฀i฀c฀a฀t฀i฀n฀g฀ ฀a฀ ฀s฀u฀c฀c฀e฀s฀s฀f฀u฀l฀ ฀l฀i฀g฀a฀n฀d฀ ฀e฀x c฀h฀a฀n฀g฀e฀ ฀w i t฀h฀o u t฀ a p฀p฀a฀r฀e฀n฀t฀ ฀a฀g฀g฀r฀e฀ga t฀i฀o฀n฀.฀ ฀T฀h฀e฀ h p D N฀A฀ ฀w e฀r฀e฀ ฀2฀2฀3  
฀c฀o฀n฀j฀u฀g฀a฀t฀e฀d฀ ฀w฀i฀t฀h฀ ฀G฀N฀R฀ ฀v฀i฀a฀ ฀a฀ ฀s฀a฀l฀t฀-฀a฀g฀i฀n฀g฀ ฀p฀r฀o฀c฀e฀s฀s฀,฀4฀0฀,฀4฀1 ฀i฀n  w฀h฀i฀c฀h฀ ฀d฀i฀f฀f฀e฀r฀e฀n฀t฀ ฀m฀o l฀a฀r฀ ฀r฀a฀t฀i฀o฀s฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀t฀o฀ ฀2฀2฀4฀ 
฀G฀N฀R฀,฀ ฀n฀a฀m฀e฀l฀y฀ ฀1฀0฀0฀:฀1฀,฀ ฀2฀0฀0฀:฀1฀,฀ ฀4฀0฀0฀:฀1฀,฀ ฀7฀0฀0฀:฀1฀ ฀a฀n฀d฀ ฀1฀0฀0฀0฀:฀1฀,฀ ฀w฀e฀r฀e฀ ฀u฀s฀e฀d฀.฀ ฀T฀h฀e฀ ฀U V - v i s s p e c t r a  ฀s฀h฀o฀w e d  ฀2฀2฀5฀ 
฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀L฀S฀P฀R฀ ฀b฀a฀n฀d฀s฀ ฀o฀f฀ ฀a฀l฀l฀ ฀h฀p฀D฀N฀A฀-฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀e฀d฀ ฀G฀N฀R฀s฀ ฀d฀i฀d฀ ฀n฀o฀t฀ ฀e฀x฀h฀i฀b฀i฀t฀ ฀s i฀g฀n฀i฀f฀i฀c฀a฀n฀t฀ ฀c฀h฀a n g e  ฀2฀2฀6  
฀c฀o฀m฀p฀a฀r฀e฀d฀ ฀t฀o฀ ฀t฀h฀a฀t฀ ฀o฀f฀ ฀M฀H฀A฀ ฀m฀o฀d฀i฀f฀i฀e฀d฀ ฀G฀N฀R฀ ฀(฀N฀R฀-฀M฀H฀A฀)฀,฀ ฀r฀e฀g฀a฀r฀d฀l฀e฀s฀s฀ ฀o฀f฀ ฀d฀i฀f฀f฀e฀r e฀n฀t฀ ฀m฀o฀l฀a r  r a฀t฀i o฀s  ฀o฀f฀ ฀2฀2฀7฀ 
฀h฀p฀D฀N฀A฀ ฀t฀o฀ ฀G฀N฀R฀ ฀u฀s฀e฀d฀ ฀i฀n฀ ฀t฀h฀e฀ ฀s฀y฀n฀t฀h฀e฀s฀i฀s฀ ฀p฀r฀o฀c฀e฀s฀s฀ ฀(฀F฀i฀g฀u฀r฀e฀ ฀1฀(฀b฀)฀)฀.฀ ฀T฀h฀i฀s฀ ฀w฀a฀s฀ ฀p฀o฀s฀s฀i฀b฀l฀y฀ ฀d฀u฀e฀ ฀t฀o฀ ฀2฀2฀8฀ 
฀c฀e฀n฀t฀r฀i฀f฀u฀g฀a฀t฀i฀o฀n฀ ฀p฀r฀o฀c฀e฀s฀s฀e฀s฀ ฀w฀h฀e฀r฀e฀ ฀a฀ ฀f฀r฀a฀c฀t฀i฀o฀n฀ o f  G฀N฀R฀s฀ ฀w฀i฀t฀h฀ ฀h฀i฀g฀h฀ ฀a฀s฀pe c t฀ r a t฀i o s  w฀e฀r฀e฀ ฀i฀n฀e฀v฀i฀t฀a฀b฀l฀y฀ ฀l฀e฀f฀t฀ ฀i฀n฀ ฀2฀2฀9฀ 
฀t฀h฀e฀ ฀s฀u฀p฀e฀r฀n฀a฀t฀a฀n฀t฀ ฀a฀f฀t฀e฀r฀ ฀e฀a฀c฀h฀ ฀r฀o฀u฀n฀d฀ o฀f฀ c฀e฀n฀t฀r฀i฀f฀u฀g฀a฀t฀i o฀n฀ ฀a฀s  t฀h฀e฀ ฀s฀e฀d฀i฀me n t฀a฀t฀i฀o฀n฀ ฀v฀e฀l฀o฀c฀i฀t฀y฀ ฀w฀a฀s฀ ฀d฀i฀c฀t฀a฀t฀e฀d฀ ฀b฀y฀ ฀2฀3฀0  
฀t฀h฀e฀ ฀h฀y฀d฀r฀o฀d฀y฀n฀a฀m฀i฀c฀ ฀b฀e฀h฀a฀v฀i฀o฀r฀ ฀o฀f฀ ฀n฀a฀n฀o฀p฀a฀r฀t฀i฀c฀l฀e฀s฀,฀4฀5 m฀a฀k฀i n฀g฀ i t d i f f i฀c฀u฀l฀t฀ t o฀ ฀o฀b฀s฀e฀r฀v฀e฀ ฀t฀h฀e฀ ฀s฀l฀i฀g฀h฀t฀ ฀c฀h฀a฀n฀g฀e฀s฀ ฀o฀f฀ ฀2฀3฀1  





)LJXUH฀ ฀(฀a฀)฀ ฀T฀E฀M฀ ฀i฀m฀a฀g฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀g฀o฀l฀d฀ ฀n฀a฀n฀o฀r฀o฀d฀s฀.฀ ฀T฀h฀e฀ ฀s฀c฀a฀l฀e฀ ฀b฀a฀r฀ ฀i฀s฀ ฀2฀0฀0฀ ฀n฀m฀;฀ ฀(b )  E x t i฀n฀c฀t฀i฀o฀n฀ ฀s฀p฀e฀c฀t฀r฀a฀ ฀2฀3฀4฀ 
฀o฀f฀ ฀G฀N฀R฀ ฀m฀a฀d฀e฀ ฀w฀i฀t฀h฀ ฀C฀T฀A฀B฀ ฀a฀n฀d฀ ฀G฀N฀R฀s฀ ฀w฀i฀t฀h฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀m฀o฀d฀i฀f฀i฀c฀a฀t฀i฀o฀n฀s฀ ฀o฀f฀ ฀M฀H฀A฀ ฀a฀n฀d  h p D N฀A฀-฀F A M฀.฀ ฀2฀3฀5฀ 
฀T฀h฀e฀ ฀N฀R฀-฀C฀T฀A฀B฀ ฀w฀a฀s฀ ฀s฀u฀s฀p฀e฀n฀d฀e฀d฀ ฀i฀n฀ ฀d฀i฀s฀t฀i฀l฀l฀e฀d฀ ฀w฀a฀t฀e฀r฀,฀ ฀w฀h฀i฀l฀e฀ ฀N฀R฀-฀M฀H฀A฀ ฀a฀n฀d฀ ฀N R - h฀p฀D฀N A - F฀A M฀ w฀e฀r e฀ ฀2฀3฀6฀ 
฀s฀u฀s฀p฀e฀n฀d฀e฀d฀ ฀i฀n฀ ฀1฀×฀T฀B฀E฀ ฀(฀p฀H฀ ฀8฀.฀3฀)฀ ฀a฀n฀d฀ ฀1฀0฀ ฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀7฀.฀5฀),  r e s p฀e฀c t i v e l y฀.฀  ฀2฀3฀7฀ 
฀T฀o฀ ฀q฀u฀a฀n฀t฀i฀f฀y฀ ฀t฀h฀e฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀n฀u฀m฀b฀e฀r฀ ฀o฀f฀ ฀h฀p฀D฀N A฀ ฀a฀s s e m฀b l d ฀o฀n฀ ฀a฀ ฀G฀N฀R฀,฀ ฀h฀p฀DN A  o n G N฀R฀s฀ ฀w฀e฀r e  ฀2฀3฀8  
฀r฀e฀l฀e฀a฀s฀e฀d฀ ฀b฀y฀ ฀m฀e฀r฀c฀a฀p฀t฀o฀e฀t฀h฀a฀n฀o฀l฀ ฀(฀M฀E฀)฀ ฀a฀n฀d฀ ฀t฀h฀e฀ ฀c o n c e n t฀r฀a฀t฀i o n฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀w a s  d฀e฀t฀e฀r m฀i฀n e d  b y฀ ฀2฀3฀9฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀a฀g฀a฀i฀n฀s฀t฀ ฀a฀ s t a n d฀a฀r d฀ ฀c฀o฀r฀r฀e฀l a฀t i o฀n฀ ฀c฀u฀r฀v฀e฀ ฀b฀e฀t฀w e e n  f l u o r e s฀c e฀n฀c e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀a฀n฀d฀ ฀2฀4฀0฀ 
฀h฀p฀D฀N฀A฀-฀F฀A฀M฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀.฀3฀8 T h e  s u r f c e฀ ฀p฀a฀c฀k฀i฀n฀g฀ ฀d฀e฀n฀s฀i฀t฀y฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀o฀n฀ ฀s฀i฀n฀g฀l฀e฀ ฀G฀N฀R฀ ฀w฀a฀s฀ ฀2฀4฀1฀ 
฀o฀b฀t฀a฀i฀n฀e฀d฀ ฀w฀i฀t฀h฀ ฀k฀n฀o฀w฀n฀ ฀G฀N฀R฀ ฀p฀a฀r฀t฀i฀c฀l฀e฀ ฀d฀e฀n฀s฀i฀t฀y฀.฀ ฀A฀s฀ ฀d฀e฀p฀i฀c฀t฀e฀d฀ ฀i฀n฀ ฀F฀i฀g฀u฀r฀e 2 ,  t h e  s u฀r f a c e  l o a฀d฀i n g  o f  ฀2฀4฀2฀ 
฀h฀p฀D฀N฀A฀ ฀o฀n฀ ฀G฀N฀R฀ ฀v฀a฀r฀i฀e฀s฀ ฀w฀i฀t฀h฀ ฀t฀h฀e฀ ฀m฀o฀l฀a฀r฀ ฀r฀a฀t฀i฀o฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀t฀o฀ ฀G฀N฀R฀ ฀i฀n฀ ฀t฀h฀e฀ m฀i฀x฀t฀u฀r฀e฀.  I t i s  i n t e r e s t฀i฀n฀g฀ t o  ฀2฀4฀3฀ 
฀n฀o฀t฀e฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀l฀o฀a฀d฀i฀n฀g฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀r฀e฀a฀c฀h฀e฀d฀ ฀a฀ ฀m฀a฀x฀i฀m฀u฀m฀ ฀o฀f฀ ฀~฀1฀14  ฀a t฀ ฀a฀ ฀m o l a฀r฀ ฀r a t฀i฀o฀ ฀o฀f฀ ฀4฀0฀0฀:฀1฀,฀ ฀2฀4฀4฀ 
฀a฀n฀d฀ ฀m฀a฀i฀n฀t฀a฀i฀n฀e฀d฀ ฀a฀t฀ ฀t฀h฀i฀s฀ ฀v฀a฀l฀u฀e฀ ฀e฀v฀e฀n฀ ฀w฀i฀t฀h฀ ฀h฀i฀g฀h฀e฀r฀ ฀m฀o฀l฀a฀r฀ ฀r฀a฀t฀i฀o฀s฀.฀ ฀T฀h฀i฀s฀ i s  w e l l  b e l฀o฀w  t h e  v a l฀u e  ฀o฀f฀ ฀2฀4฀5฀ 
฀m฀a฀x฀i฀m฀u฀m฀ ฀l฀o฀a฀d฀i฀n฀g฀,฀ ฀~฀1฀6฀8฀ ฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀s฀ ฀p฀e฀r฀ ฀G฀N฀R฀,฀ ฀a฀s฀ ฀p฀r฀e฀d฀i฀c฀t฀e฀d฀ ฀b฀y ฀ H i l l ’ s฀  ฀ m฀ o฀ d e l .฀4฀6฀  I n฀  ฀ t h e฀  ฀2฀4฀6฀ 
฀s฀u฀c฀c฀e฀s฀s฀i฀v฀e฀ ฀s฀t฀u฀d฀y฀,฀ ฀s฀a฀m฀p฀l฀e฀s฀ ฀m฀a฀d฀e฀ ฀f฀r฀o฀m฀ ฀m฀o฀l฀a฀r฀ ฀r฀a฀t฀i฀o฀s฀ ฀o฀f฀ ฀1฀0฀0฀:฀1฀,฀ ฀2฀0฀0฀:1  a n฀d  4 0 0 : 1฀ w e r฀e฀ ฀i฀n฀v e s g a t e d ,  ฀2฀4฀7฀ 
฀d฀e฀n฀o฀t฀e฀d฀ ฀a฀s฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀,฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀2฀0฀0฀ ฀a฀n฀d฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀4฀0฀0฀,฀ ฀r฀e฀s฀p฀e฀c฀t฀i฀v฀e฀l y .  T h฀e฀ ฀f o o t p r i฀n฀t฀s฀ ฀o฀f฀ ฀2฀4฀8฀ 
฀h฀p฀D฀N฀A฀ ฀l฀o฀a฀d฀i฀n฀g฀ ฀o฀n฀ ฀G฀N฀R฀ ฀w฀e฀r฀e฀ ฀c฀a฀l฀c฀u฀l฀a฀t฀e฀d฀ ฀t฀o฀ ฀b฀e฀ ฀a฀p฀p฀r฀o฀x฀i฀m฀a฀t฀e฀l฀y฀ ฀1฀1฀4฀.฀4฀,฀ ฀4฀2฀.฀9฀ ฀a฀n฀d฀ ฀1 8 . 1  n m฀2  f o r฀ N฀R฀-฀2฀4฀9฀ 





)LJXUH ฀ ฀A฀ ฀c฀o฀r฀r฀e฀l฀a฀t฀i฀o฀n฀ ฀b฀e฀t฀w฀e฀e฀n฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀l฀o฀a฀d฀i฀n฀g฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀o฀n฀ ฀e฀a฀c฀h฀ ฀G฀N฀R฀ ฀a฀n฀d m฀ o฀ l฀ a฀ r฀  r t o  o฀ f฀  ฀2฀5฀2฀ 
฀h฀p฀D฀N฀A฀ ฀t฀o฀ ฀G฀N฀R฀ ฀i฀n฀ ฀t฀h฀e฀ ฀s฀y฀n฀t฀h฀e฀s฀i฀s฀ ฀p฀r฀o฀c฀e฀s฀s฀.฀ ฀E฀r฀r฀o฀r฀ ฀b฀a฀r฀s฀ ฀a฀r฀e฀ ฀o฀n฀e฀ ฀s฀t฀a฀n฀da r d  ฀d฀e฀v฀i฀a฀t฀i o n  ฀f r฀o฀m฀ ฀t฀h฀r฀e฀e฀ ฀2฀5฀3฀ 
฀m฀e฀a฀s฀u฀r฀e฀m฀e฀n฀t฀s฀.฀ ฀ ฀2฀5฀4฀ 
฀ ฀2฀5฀5฀ 
฀T฀o฀ ฀t฀e฀s฀t฀ ฀t฀h฀e฀ ฀p฀e฀r฀f฀o฀r฀m฀a฀n฀c฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀,฀ ฀w฀e฀ ฀f฀i฀r฀s฀t฀ ฀e฀x฀a฀m฀i฀n฀e฀d฀ ฀t฀hi r  f l u o r o g e n i฀c฀ ฀r฀e฀s฀p฀o n฀s฀e฀s฀ ฀t฀o  ฀2฀5฀6฀ 
฀t฀h฀e฀ ฀a฀d฀d฀i฀t฀i฀o฀n฀ ฀o฀f฀ ฀t฀a฀r฀g฀e฀t฀s฀.฀ ฀T฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀w฀e฀r฀e฀ ฀e฀x฀p฀o฀s฀e฀d฀ ฀t฀o฀ ฀a฀n฀ ฀e฀x฀c฀e฀s฀s฀ ฀a฀m฀o u n t฀ ฀o฀f฀ ฀p฀e฀r฀f฀e฀c t l y m฀a฀t c h  ฀2฀5฀7  
฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀a฀r฀y฀ ฀D฀N฀A฀ ฀(฀c฀D฀N฀A฀)฀ ฀(฀8฀8฀0฀ ฀n฀M฀)฀.฀ ฀A฀s฀ ฀d฀e฀m฀o฀n฀s฀t฀r฀a฀t฀e฀d฀ ฀b฀y฀ ฀t฀h฀e฀ ฀k฀i฀n฀e฀t฀i฀c฀ ฀m฀e฀a฀s฀u฀r e m฀e฀n฀t฀s  i n  ฀2฀5฀8฀ 
฀F฀i฀g฀u฀r฀e฀ ฀3฀,฀ ฀a฀l฀l฀ ฀o฀f฀ ฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀s฀h฀o฀w฀e฀d฀ ฀a฀n฀ ฀i฀n฀s฀t฀a฀n฀t฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀r฀e฀c฀o฀v฀e฀r฀y฀ ฀u฀p฀o฀n฀ ฀a฀d฀d฀i฀n฀g฀ ฀c฀D฀N฀A฀,฀ ฀a฀n฀d  ฀2฀5฀9฀ 
฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀i฀e฀s฀ ฀r฀ea฀c฀h฀e฀d฀ s฀a฀t u฀r฀a฀t i o฀n฀ ฀l฀e฀v฀e฀l฀s฀ ฀i฀n฀ ฀s฀h฀o฀r฀t฀ ฀t i฀m e  p e i฀o฀d฀s฀.฀ ฀T h i฀s฀ ฀i฀s฀ ฀c฀o฀n฀s฀i฀s฀t฀e฀n฀t฀ ฀w฀i฀t฀h฀ ฀2฀6฀0  
฀t฀h฀e฀ ฀p฀r฀e฀v฀i฀o฀u฀s฀ ฀s฀t฀u฀d฀i฀e฀s฀ ฀u฀s฀i฀n฀g฀ ฀M฀B฀ ฀a฀n฀d฀ ฀A฀u฀N฀S฀-฀M฀B฀ ฀c฀o฀n฀j฀u฀g฀a฀t฀e฀s฀,฀5฀,฀1฀8฀,฀4฀7 d i c฀a฀t i n g  t h a฀t฀ ฀t h฀e  ฀G N R฀- b฀a฀s e d฀ ฀2฀6฀1  
฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀r฀e฀t฀a฀i฀n฀e฀d฀ ฀t฀h฀e฀ ฀a฀d฀v฀a฀n฀t฀a฀g฀e฀ ฀o฀f฀ ฀M฀B฀.฀ ฀I฀n฀ ฀a฀d฀d฀i฀t฀i฀o฀n฀,฀ ฀i฀t฀ ฀i฀s฀ ฀n฀o฀te d  t h a t  ฀t฀h฀e฀ ฀s฀u฀r฀f฀a฀c฀e p a c k i n g  d฀e n s i t y  ฀2฀6฀2฀ 
฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀h฀a฀d฀ ฀a฀ ฀g฀r฀e฀a฀t฀ ฀i฀m฀p฀a฀c฀t฀ ฀o฀n฀ ฀t฀h฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀k฀i฀n฀e฀t฀i฀c฀s฀ ฀o฀f฀ ฀n฀an฀o฀p฀r฀o b e s .฀ I฀t฀ ฀i฀s฀ a p฀p฀a฀r฀e฀n฀t฀ ฀f฀r฀o฀m฀ ฀2฀6฀3฀ 
฀F฀i฀g฀u฀r฀e฀ ฀3฀ ฀t฀h฀a฀t฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀w฀i฀t฀h฀ ฀h฀ig h฀e฀r฀ s u r f a c e  ฀c o฀v e r a g e฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀d฀i s฀p l a฀y฀e฀d฀ ฀h฀i฀g฀h฀e฀r฀ t฀a฀r฀g฀e฀t฀-฀c฀a฀p฀t฀u฀r฀e฀ ฀2฀6฀4฀ 
฀r฀a฀t฀e฀.฀ ฀T฀h฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀r฀a฀t฀e฀s฀ ฀c฀o฀u฀l฀d฀ ฀b฀e฀ ฀q฀u a฀n฀t฀i฀t฀a฀t฀i฀v฀e฀l฀y฀ ฀o฀b฀t฀a฀i฀n฀e฀d฀ ฀a฀s฀ ฀t฀h e  f i฀r฀s฀t฀-฀o฀r฀d฀e฀r฀e฀d฀ ฀d฀i฀f฀f฀e฀r฀e฀n฀t฀i฀a฀t฀i฀o฀n฀ ฀2฀6฀5฀ 
฀o฀f฀ ฀t฀h฀e฀ ฀c฀u฀r฀v฀e฀ ฀i฀n฀ ฀F฀i฀g฀u฀r฀e฀ ฀3฀.฀ ฀I฀t฀ ฀w฀a฀s฀ ฀f฀o฀u฀n฀d฀ ฀t฀h฀a฀t฀,฀ ฀i฀n฀ ฀t฀h฀e฀ ฀i฀n฀i฀t฀i฀a฀l฀ ฀r฀a฀pi฀d  ฀h y b r i d i z a t i฀o฀n฀ ฀p฀e r฀i฀o฀d u p o฀n฀ ฀t฀a฀r฀g฀e฀t฀ ฀2฀6฀6฀ 
฀a฀d฀d฀i฀t฀i฀o฀n฀,฀ ฀t฀h฀e฀ ฀r฀e฀s฀p฀o฀n฀s฀e฀ ฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀4฀0฀0฀ ฀t฀o฀ ฀c฀D฀N฀A฀ ฀w฀a฀s฀ ฀a฀b฀o฀u฀t฀ ฀1฀.฀4฀ ฀a฀n฀d 5฀. 3฀ ฀t฀i฀m฀e฀s  f฀a฀s฀t฀e฀r฀ ฀t฀h฀a n  ฀t฀h฀a฀t฀ ฀2฀6฀7฀ 




฀h฀p฀D฀N฀A฀4฀0฀0฀ ฀a฀n฀d฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀2฀0฀0฀ ฀r฀e฀a฀c฀h฀e฀d฀ ฀s฀a฀t฀u฀r฀a฀t฀i฀o฀n฀ ฀l฀e฀v฀e฀l฀s฀ ฀i฀n฀ ฀a฀ ฀s฀i฀m฀i฀l฀a฀r t฀i฀m e  p e r฀i฀o฀d ,฀ ฀w h i l฀e  a  ฀l฀o n g e r  ฀2฀6฀9฀ 
฀t฀i฀m฀e฀ ฀w฀a฀s฀ ฀n฀e฀e฀d฀e฀d฀ ฀f฀o฀r฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀.฀ ฀ ฀2฀7฀0  
฀A฀s฀ ฀a฀l฀s฀o฀ ฀s฀h฀o฀w฀n฀ ฀i฀n฀ ฀F฀i฀g฀u฀r฀e฀ ฀3฀,฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀o฀f฀ ฀F฀A฀M฀ ฀i฀n฀ ฀t฀h฀e฀ ฀a฀b฀s฀e n c e  o f  ฀t฀a฀r฀g฀e฀t฀ ฀s฀t฀r฀a฀n฀d฀s฀,฀ ฀2฀7฀1฀ 
฀i฀.฀e฀.฀ ฀b฀a฀c฀k฀g฀r฀o฀u฀n฀d฀ ฀s฀i฀g฀n฀a฀l฀,฀ ฀w฀a฀s฀ ฀l฀o฀w฀ ฀b฀u฀t฀ ฀m฀e฀a฀s฀u฀r฀e฀a฀b฀l฀e฀ ฀f฀o฀r฀ ฀a฀l฀l฀ ฀t฀h฀r฀e฀e฀ ฀na฀n฀o฀p฀r฀o฀b e s฀.฀ ฀T฀h฀e  ฀b฀a฀c฀k฀g฀r฀o฀u฀n฀d฀ ฀s i฀g฀n  ฀2฀7฀2  
฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀4฀0฀0฀ ฀w฀a฀s฀ ฀r฀e฀l฀a฀t฀i฀v฀e฀l฀y฀ ฀h฀i฀g฀h฀e฀r฀ ฀t฀h฀a฀n฀ ฀t฀h฀a฀t฀ ฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀2฀0฀0฀,฀ w h฀i l e  t e  l a t t฀e r฀ ฀w a s  j฀u s t  ฀2฀7฀3฀ 
฀s฀l฀i฀g฀h฀t฀l฀y฀ ฀h฀i฀g฀h฀e฀r฀ ฀t฀h฀a฀n฀ ฀t฀h฀a฀t฀ ฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀.฀ ฀T฀h฀e฀ ฀s฀a฀t฀u฀r฀a฀t฀i฀o฀n฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e n c e  ฀s฀i฀g฀n฀a฀l  ฀i฀n฀ t h e  p r s e n c฀e฀ o฀f฀ ฀2฀7฀4฀ 
฀t฀a฀r฀g฀e฀t฀s฀,฀ ฀o฀n฀ ฀t฀h฀e฀ ฀o฀t฀h฀e฀r฀ ฀h฀a฀n฀d฀,฀ ฀w฀a฀s฀ ฀f฀o฀u฀n฀d฀ ฀t฀o฀ ฀h฀a฀v฀e฀ ฀a฀ ฀p฀o฀s฀i฀t฀i฀v฀e฀ ฀r฀e฀l฀a฀t฀io n s h i p  ฀w i t h  h p D N฀A฀ ฀l฀o฀a฀d฀i฀n฀g฀.฀ ฀I n฀ ฀2฀7฀5  
฀a฀d฀d฀i฀t฀i฀o฀n฀ ฀t฀o฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀,฀ ฀w฀h฀i฀c฀h฀ ฀i฀s฀ ฀p฀r฀i฀m฀a฀r฀i฀l฀y฀ ฀r฀e฀l฀a฀t฀e฀d฀ ฀t฀o฀ ฀t฀h฀e฀ ฀n฀u฀m b฀e฀r฀ ฀o f  o p e n฀ ฀h฀p฀D N A ,  ฀2฀7฀6฀ 
฀a฀n฀o฀t฀h฀e฀r฀ ฀f฀a฀c฀t฀o฀r฀ ฀u฀s฀u฀a฀l฀l฀y฀ ฀u฀s฀e฀d฀ ฀t฀o฀ ฀d฀e฀t฀e฀r฀m฀i฀n฀e฀ ฀t฀h฀e฀ ฀s฀e฀n฀s฀o฀r฀ ฀p฀e฀r฀f฀o฀r฀m฀a฀n฀c฀e ฀o f฀ ฀m o l e c u l a  ฀b e a c o n  i s  t฀h e฀ ฀2฀7฀7฀ 
฀q฀u฀e฀n฀c฀h฀i฀n฀g฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀,฀ ฀d฀e฀f฀i฀n฀e฀d฀ ฀a฀s฀ ฀(฀1฀-฀F฀c฀l o฀s฀e d/ Fo฀p฀e n) × 1 0 0 %฀,  ฀w฀h e฀r฀e฀ ฀Fc l฀o s e d ฀ a n฀ d  F฀o฀p e n ฀a฀r e฀ ฀t฀h฀e฀ ฀2฀7฀8฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀o฀f฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀ ฀i฀n฀ ฀t฀h฀e฀ ฀a฀b฀s฀e฀n฀c฀e฀ ฀o฀f฀ ฀t฀a฀r฀g฀e฀t฀ ฀a฀n฀d฀ ฀i฀t s฀ s t a b l e฀ ฀l฀e฀v฀e฀l฀ ฀i฀n฀ ฀t฀h฀e฀ ฀p฀r฀e฀s฀e฀n฀c฀e฀ ฀o฀f฀ ฀2฀7฀9฀ 
฀e฀x฀c฀e฀s฀s฀ ฀t฀a฀r฀g฀e฀t฀,฀ ฀r฀e฀s฀p฀e฀c฀t฀i฀v฀e฀l฀y฀.฀ ฀F฀or฀ N฀R฀-฀h฀p฀D฀N A฀4฀0฀0฀,฀ N R -฀h฀p฀D฀N฀A฀2฀0฀0฀ ฀a฀n฀d฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀,  ฀t h e  ฀2฀8฀0฀ 
฀q฀u฀e฀n฀c฀h฀i฀n฀g฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀i฀e฀s฀ ฀w฀e฀r฀e฀ ฀c฀a฀l฀c฀u฀l฀a฀t฀e฀d฀ ฀t฀o฀ ฀b฀e฀ ฀9฀0฀.฀8฀%฀,฀ ฀9฀3฀.฀3฀%฀ ฀a฀n฀d฀ ฀88฀. 1 %฀,฀ r e s p฀e c฀t i v฀e l y฀,  i n d฀i c a t i฀n฀g  ฀a฀ ฀2฀8฀1฀ 
฀s฀i฀m฀i฀l฀a฀r฀ ฀a฀n฀d฀ ฀g฀o฀o฀d฀ ฀q฀u฀e฀n฀c฀h฀i฀n฀g฀ ฀e฀f฀f฀e฀c฀t฀ ฀o฀f฀ ฀a฀l฀l฀ ฀t฀h฀r฀e฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀.฀ ฀ ฀2฀8฀2฀ 
฀ ฀2฀8฀3฀ 
)LJXUH ฀ ฀K฀i฀n฀e฀t฀i฀c฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀m฀e฀a฀s฀u฀r฀e฀m฀e฀n฀t฀s฀ ฀o฀f฀ ฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀u฀p฀o฀n฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o n .  T฀h฀e฀ ฀2฀8฀4฀ 
฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀s฀ ฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀ ฀a฀n฀d฀ ฀c฀D฀N฀A฀ ฀w฀e฀r฀e฀ ฀0฀.฀2฀2฀ ฀a฀n฀d฀ ฀8฀8฀0฀ ฀n฀M฀,฀ ฀r฀e฀s฀p฀ec t฀i฀v฀e฀l฀y฀.  E x฀c฀i฀t a t i o n  ฀2฀8฀5฀ 





7DEOH ฀ ฀H฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ ฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N A฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀w฀i฀t฀h฀ ฀d฀i฀f฀f฀e฀r฀e฀n฀t฀ ฀p฀r฀o฀b฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀2฀8฀8฀ 
฀p฀a฀c฀k฀i฀n฀g฀ ฀d฀e฀n฀s฀i฀t฀i฀e฀s฀.฀ ฀2฀8฀9฀ 
฀S฀a฀m฀p฀l฀e฀s฀ ฀S฀u฀r฀f฀a฀c฀e฀ ฀c฀o฀v฀e฀r฀a฀g฀e฀ ฀(฀h฀p฀D฀N฀A฀/฀c฀m฀2 )  
฀H y b r i d i฀z฀e฀d฀ ฀c฀o฀v฀e฀r฀a฀g฀e฀ 
฀(฀h฀p฀D฀N฀A฀/฀c฀m฀2 )  ฀H฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀4฀0฀0฀ ฀(฀5฀.฀5฀4฀ ฀±฀ ฀0฀.฀1฀3฀)฀ ฀×฀ ฀1฀0฀1฀2฀ ฀(฀1฀.฀5฀1฀ ฀±฀ ฀0฀.฀0฀1฀)฀ ฀×฀ ฀1฀0฀1฀2 2 7 .฀1 9  ฀%฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀2฀0฀0฀ ฀(฀2฀.฀3฀3฀ ฀±฀ ฀0฀.฀0฀5฀)฀ ฀×฀ ฀1฀0฀1฀2฀ ฀(฀1฀.฀2฀1฀ ฀±฀ ฀0฀.฀0฀5฀)฀ ฀×฀ ฀1฀0฀1฀2 5 2 .฀0 8  ฀%฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀(฀0฀.฀8฀7฀ ฀±฀ ฀0฀.฀0฀7฀)฀ ฀×฀ ฀1฀0฀1฀2฀ ฀(฀0฀.฀8฀3฀ ฀±฀ ฀0฀.฀0฀7฀)฀ ฀×฀ ฀1฀0฀1฀2 9 4 .฀4 4  ฀%฀ 
฀ ฀2฀9฀0฀ 
฀T฀o฀ ฀f฀u฀r฀t฀h฀e฀r฀ ฀e฀v฀a฀l฀u฀a฀t฀e฀ ฀t฀h฀e฀ ฀e฀f฀f฀e฀c฀t฀i฀v฀e฀n฀e฀s฀s฀ ฀o฀f฀ ฀t฀h฀e฀ ฀N R -฀h฀p฀D฀N฀A฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀es  f o r  ฀n฀u฀c฀l฀e i฀c  ฀a฀c฀i฀d฀ ฀d฀e฀t e฀c฀t฀i฀o฀n฀,฀ ฀2฀9฀1฀ 
฀t฀h฀e฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀n฀u฀m฀b฀e฀r฀ ฀o฀f฀ ฀t฀a฀r฀g฀e฀t฀ ฀s฀t฀ra d s฀ ฀h฀y฀b r฀i฀d฀i฀z฀e d  ฀w i t h  ฀h฀p฀D฀N฀A฀ ฀o฀n฀ ฀e฀a฀c฀h฀ ฀n฀a฀n o p r o b฀e฀ ฀w฀a฀s฀ q฀u฀a฀n฀t฀i฀f฀i฀e฀d฀ ฀2฀9฀2  
฀u฀s฀i฀n฀g฀ ฀t฀h฀e฀ ฀p฀r฀o฀t฀o฀c฀o฀l฀ ฀r฀e฀p฀o฀r฀t฀e฀d฀ ฀b฀y฀ ฀D฀e฀m฀e฀r฀s฀ et al.฀3฀8฀ ฀A n  e x c e฀s฀s  o f T M฀R฀- c฀D฀N฀A฀ ฀(฀3฀ ȝ฀M฀ ฀a฀s฀ ฀f฀i฀n฀a฀l฀ ฀2฀9฀3฀ 
฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀)฀ ฀w฀a฀s฀ ฀i฀n฀c฀u฀b฀a฀t฀e฀d฀ ฀w฀i฀t฀h฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀i฀n฀ ฀t฀h฀e฀ ฀h฀yr i d i z a฀t฀i฀o฀n  ฀b฀u฀f฀f฀e฀r฀ ฀f฀o฀r฀ ฀2 4   ฀t฀o฀ ฀2฀9฀4฀ 
฀m฀a฀x฀i฀m฀i฀z฀e฀ ฀t฀h฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀s฀.฀ ฀T฀h฀e฀ ฀i฀n฀f฀l฀u฀e฀n฀c฀e฀ ฀o฀f฀ ฀T฀M฀R฀ ฀l฀a฀b฀e฀l฀s฀ ฀o฀n฀ ฀t฀h฀e h y b฀r i d i฀z฀a฀t฀i฀o฀n฀ (฀d฀u p฀l฀e฀x฀ ฀2฀9฀5฀ 
฀f฀o฀r฀m฀a฀t฀i฀o฀n฀)฀ ฀i฀s฀ ฀n฀e฀g฀l฀i฀g฀i฀b฀l฀e฀.฀4฀8 F o฀l l o w i n g฀ ฀a฀ ฀c฀e฀n฀t฀r฀i฀f฀u฀g฀e฀ ฀p฀r฀o฀c฀e฀s฀s฀ ฀t฀o฀ ฀r฀e฀m฀o฀v฀e฀ ฀u฀n฀b฀o฀u฀n฀d฀ ฀e฀x฀c฀e฀s฀s฀ ฀T฀M฀R฀-฀2฀9฀6฀ 
฀c฀D฀N฀A฀,฀ ฀t฀h฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀T฀M฀R฀-฀c฀D฀N฀A฀ ฀w฀e฀re  r e l a s e฀d฀ ฀b y฀ ฀d e n฀a฀t฀u฀r฀i฀n฀g฀ ฀t฀h฀e฀ ฀d฀u฀p฀l฀e฀x฀ ฀D฀N฀A฀ ฀a฀n฀d฀ ฀s฀e฀p฀a฀r฀a฀t฀e฀d฀ ฀2฀9฀7฀ 
฀f฀r฀o฀m฀ ฀t฀h฀e฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀.฀ ฀T฀h฀e฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀d฀e฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d T M฀R฀-฀c D฀N฀A฀ ฀w a s  d e d u฀c฀e฀d฀ ฀2฀9฀8฀ 
฀f฀r฀o฀m฀ ฀i฀t฀s฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀a฀c฀c฀o฀r฀d฀i฀n฀g฀ ฀t฀o฀ ฀a฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀-฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀c฀o฀r฀r฀e฀l฀a฀t i o n  c u฀r v฀e฀.฀ T฀a b฀l e  1฀ ฀2฀9฀9฀ 
฀l฀i฀s฀t฀s฀ ฀t฀h฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀c฀o฀v฀e฀r฀a฀g฀e฀ ฀o฀f฀ ฀h฀a฀i฀r฀p฀i฀n฀s฀,฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀c฀o฀v฀e฀r฀a฀g฀e฀ ฀o฀f฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀h฀a฀i฀r฀p฀i฀n฀s฀ ฀(฀w฀i฀t฀h฀ ฀T M R฀-฀3฀0฀0  
฀c฀D฀N฀A฀)฀ ฀a฀n฀d฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ ฀o฀f฀ ฀t฀h฀r฀e฀e฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s.  I n t e r s t฀i฀n฀g฀l฀y ,  ฀t฀h฀e฀ ฀n฀u฀m฀b฀e฀r฀ ฀3฀0฀1฀ 
฀o฀f฀ ฀c฀a฀p฀t฀u฀r฀e฀d฀ ฀t฀a฀r฀g฀e฀t฀ ฀s฀t฀r฀a฀n฀d฀s฀ ฀i฀n฀c฀r฀e฀a฀s฀e฀d฀ ฀w฀i฀t฀h฀ ฀i฀n฀c฀r฀e฀a฀s฀i฀n฀g฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀c฀o฀v฀e฀r฀a฀g฀e  ฀o฀f฀ ฀h฀p฀D N A฀ o฀n฀ ฀G N R ,  w h฀i฀c฀h฀ ฀3฀0฀2฀ 
฀i฀s฀ ฀c฀o฀n฀s฀i฀s฀t฀e฀n฀t฀ ฀w฀i฀t฀h฀ ฀t฀h฀e฀ ฀s฀a฀t฀u฀r฀a฀t฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀o฀b฀s฀e฀r฀v฀e฀d฀ ฀i฀n฀ ฀t฀h฀e฀ ฀k฀i฀n฀e t฀i฀c฀ ฀s฀t฀u฀d฀i฀e฀s฀ ฀(฀F฀i฀g฀u฀r฀e฀ ฀3฀)฀.฀ ฀3฀0฀3  
฀H฀o฀w฀e฀v฀e฀r฀,฀ ฀t฀h฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀r฀a฀t฀i฀o฀ ฀d฀e฀c฀r฀e฀a฀s฀e฀d฀ ฀f฀r฀o฀m฀ ฀9฀4฀.฀4฀4฀ ฀%฀ ฀t฀o฀ ฀2฀7฀.฀1฀9฀ ฀%฀ ฀a฀s฀ ฀t฀h฀e฀ ฀h฀p฀D฀N฀A฀ ฀p฀a฀c฀k฀i฀n฀g฀ ฀3฀0฀4฀ 




฀d฀e฀n฀s฀i฀t฀y฀ ฀r฀e฀s฀u฀l฀t฀s฀ ฀i฀n฀ ฀a฀n฀ ฀i฀n฀c฀r฀e฀a฀s฀e฀d ฀t฀o฀t฀a฀l฀ ฀t r g e t฀ b i n d i n฀g฀,฀ ฀b฀u฀t฀ ฀a฀ ฀r฀e฀l฀a฀t฀i฀v฀e฀l฀y฀ ฀l฀o฀w฀e฀r฀ ฀e฀f฀f฀i c฀i e฀n฀c฀y฀ ฀i฀n฀ ฀3฀0฀6฀ 
฀h฀y฀b฀r฀i฀d฀i฀z฀i฀n฀g฀ ฀h฀p฀D฀N฀A฀ ฀a฀v฀a฀i฀l฀a฀b฀l฀e฀ ฀o฀n฀ ฀G฀N฀R฀.฀4฀9฀,฀5฀0฀ T h i s  i฀s  n o t  s u r p r i฀s฀i฀n฀g฀ ฀a฀s฀ ฀p฀r฀e฀v฀i฀o฀u฀s฀ ฀s฀t฀u฀d฀i฀e฀s฀ ฀h฀a฀v฀e฀ ฀f฀o฀u฀n฀d฀ ฀3฀0฀7฀ 
฀t฀h฀a฀t฀,฀ ฀f฀o฀r฀ ฀b฀o฀t฀h฀ ฀D฀N฀A฀ ฀o฀n฀ ฀t฀h฀i฀n฀ ฀f฀i฀l฀m฀s฀ ฀a฀n฀d฀ ฀n฀a฀n฀o฀p฀a฀r฀t฀i฀c฀l฀e฀s฀,฀ ฀t฀h฀e฀ ฀e฀f฀f฀i฀c฀i฀e฀n c฀y  o  D฀N฀A฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a t i o n฀ ฀i฀s฀ ฀3฀0฀8  
฀g฀o฀v฀e฀r฀n฀e฀d฀ ฀b฀y฀ ฀b฀o฀t฀h฀ ฀t฀h฀e฀ ฀e฀l฀e฀c฀t฀r฀o฀s฀t฀a฀t฀i฀c฀ ฀r฀e฀p฀u฀l฀s฀i฀o฀n฀ ฀b฀e฀t฀w฀e฀e฀n฀ ฀n฀e฀i฀g฀h฀b฀o฀r฀i฀ng  D฀N฀A  s t r a n d s  a n d฀ ฀t฀h฀e฀ ฀s t e r i฀c฀ ฀3฀0฀9฀ 
฀h฀i฀n฀d฀r฀a฀n฀c฀e฀ ฀b฀e฀t฀w฀e฀e฀n฀ ฀t฀e฀t฀h฀e฀r฀e฀d฀ ฀D฀N฀A฀ ฀p฀r฀o฀b฀e฀s฀.฀3฀8฀,฀4฀9฀,฀5฀1฀ ฀A฀n  u p r i g h t  ฀c฀o฀n f฀o฀r฀m฀a฀t฀i o฀n฀ ฀o฀f฀ ฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀,฀ ฀t฀h฀a฀t฀ ฀3฀1฀0฀ 
฀i฀s฀ ฀p฀r฀e฀f฀e฀r฀r฀e฀d฀ ฀f฀o฀r฀ ฀h฀p฀D฀N฀A฀ ฀o฀f฀ ฀r฀e฀l฀a฀t฀i฀ve l y  h i g h฀ ฀s฀u r f a c e  c฀o฀v฀e฀r฀a฀g฀e฀ ฀d฀u฀e฀ ฀t฀o฀ ฀t฀h฀e฀ r฀e p u฀l฀s฀i v฀e฀ f o r฀c฀e฀ ฀b฀e฀t฀w฀e฀e฀n฀ ฀3฀1฀1  
฀n฀e฀i฀g฀h฀b฀o฀r฀i฀n฀g฀ ฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀s฀,฀ ฀i฀s฀ ฀f฀a฀v฀o฀r฀a฀b฀l฀e฀ ฀f฀o฀r฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀s฀.฀ O n  t h  o t h฀e฀r฀ ฀h฀a฀n฀d฀,฀ d฀e฀n฀s฀e฀l฀y฀ ฀p฀a฀c฀k฀e d  ฀3฀1฀2฀ 
฀o฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀ ฀m฀o฀n฀o฀l฀a฀y฀e฀r฀s฀ ฀w฀o฀u฀ld฀ ฀r d฀u c e  a c c e s i bi฀l฀i฀t฀y฀ ฀o฀f  i n฀c m฀in฀g฀ ฀t฀a฀r฀g฀e฀t  ฀s฀t฀r฀a฀n฀d฀s฀.฀ ฀ ฀3฀1฀3฀ 
฀F฀i฀g฀u฀r฀e฀ ฀4 d e p฀i c฀t฀s฀ ฀t฀h฀e฀ ฀c฀o฀r฀r฀e฀l฀a฀t฀i฀o฀n฀ ฀b฀e฀t฀w฀e฀e฀n฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀o฀f฀ ฀n฀a฀n฀o฀pr o b e s฀ a n d t h e  t a r g t฀ ฀3฀1฀4฀ 
฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀.฀ ฀A฀s฀ ฀e฀x฀p฀e฀c฀t฀e฀d฀,฀ ฀f฀o฀r฀ ฀a฀l฀l฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀,฀ ฀t฀h฀e฀ ฀r฀e฀c฀o฀v฀e฀r฀y฀ ฀o฀f t h e  ฀f฀l u o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀s฀i฀g฀n฀a฀l  ฀w฀a฀s฀ ฀3฀1฀5฀ 
฀p฀o฀s฀i฀t฀i฀v฀e฀l฀y฀ ฀c฀o฀r฀r฀e฀l฀a฀t฀e฀d฀ ฀t฀o฀ ฀t฀h฀e฀ ฀t฀a฀r฀g฀e฀t฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀.฀ ฀A฀p฀p฀a฀r฀e฀n฀t฀ ฀c฀h฀a฀n฀g฀e฀s  ฀i฀n฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e  ฀i฀n฀t฀e฀n฀s฀i฀t i e s  ฀3฀1฀6฀ 
฀w฀e฀r฀e฀ ฀o฀b฀s฀e฀r฀v฀e฀d฀ ฀a฀t฀ ฀a฀ ฀t฀a฀r฀g฀e฀t฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀1฀ ฀n฀M฀.฀ ฀A฀s฀ ฀t฀h฀e฀ ฀c฀o฀n฀c฀e฀n฀t฀r a t i o n  o f  c D฀N฀A  i฀n c r e a s e d฀,฀ ฀t฀h e฀ ฀3฀1฀7฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀i฀n฀c฀r฀e฀a฀s฀e฀d฀ ฀m฀o฀n฀o฀t฀o฀n฀i฀c฀a฀l฀l฀y฀ ฀u฀n฀t฀i฀l฀ ฀s฀a฀t฀u฀r฀a฀t฀e฀d฀ a t  a  s t a b l฀e฀ ฀p฀l฀a฀t e฀a u  ฀a฀t  ฀r฀e฀l a t i v e฀l y฀ ฀3฀1฀8฀ 
฀h฀i฀g฀h฀ ฀t฀a฀r฀g฀e฀t฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀.฀ ฀T฀h฀e฀s฀e฀ a g a i n  i n฀d฀i฀c฀a฀t e฀d  ฀t h e  ฀o฀p฀e฀n฀i฀n฀g฀ ฀o฀f฀ h a i฀r฀p฀i฀n฀ ฀s t r u c t u r฀e฀ ฀u฀p฀o฀n฀ ฀3฀1฀9฀ 
฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀.฀ ฀S฀i฀g฀n฀i฀f฀i฀c฀a฀n฀t฀l฀y฀,฀ ฀n฀an o p r o b e s  o฀f฀ ฀h฀i g฀h฀e฀r฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀c฀o฀v฀er a g฀e  n o t  o n l y  ฀s h o฀w฀e฀d฀ ฀s฀t฀r฀o฀n฀g฀e฀r฀ ฀3฀2฀0฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀a฀t฀ ฀t฀h฀e฀ ฀s฀a฀m฀e฀ ฀t฀a฀r฀g฀e฀t฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀,฀ ฀b฀u฀t฀ ฀a฀l฀s฀o฀ ฀a฀ h i฀g฀h e r฀ ฀s฀a฀t฀u฀r฀a฀t฀i฀o฀n฀ ฀s฀i g n a฀l฀ a฀t฀ ฀a  ฀3฀2฀1฀ 
฀l฀a฀r฀g฀e฀r฀ ฀t฀a฀r฀g฀e฀t฀ ฀s฀a฀t฀u฀r฀a฀t฀i฀o฀n฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀.฀ ฀T฀h฀i฀s฀ ฀m฀e฀a฀n฀s฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o b e฀s฀ ฀o฀f฀ ฀h฀i฀g h e฀r  h฀a฀i฀r฀p i฀n฀ ฀c฀o฀v฀e฀r฀a฀g฀e  ฀3฀2฀2  
฀h฀a฀d฀ ฀b฀e฀t฀t฀e฀r฀ ฀s฀e฀n฀s฀i฀t฀i฀v฀i฀t฀y฀ ฀a฀n฀d฀ ฀l฀a฀r฀g฀e฀r฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀r฀a฀n฀g฀e฀.฀ ฀ ฀T฀h฀e฀ ฀l฀i฀m฀i฀t฀ ฀of d e t e c t i o n  o f  p r o b e฀ N฀R฀-฀h฀p฀D฀N A฀4฀0฀0฀ ฀3฀2฀3฀ 
฀(฀L฀O฀D฀=฀3฀.฀3×฀s฀t a n฀d฀a฀r฀d฀ ฀d฀e฀v฀i฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀t฀h฀e฀ ฀r฀e฀s฀p฀o฀ns฀e /฀t฀h e  ฀s l฀o฀p  o f  t h e  ฀c฀a฀l฀i฀b฀r฀a฀t฀i฀o฀n฀ c u฀r v e฀ ฀u฀p฀ t o฀ ฀5฀0฀n฀M )฀ w฀a฀s฀ ฀3฀2฀4฀ 





)LJXUH฀ ฀D฀o฀s฀e฀ ฀r฀e฀s฀p฀o฀n฀s฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀es  ฀(฀0 .฀2฀2  n M฀)฀ w฀i t h  d i฀f฀f฀e฀r฀e฀n฀t฀ ฀s฀u฀r฀f฀ac e  ฀p฀a฀c฀k฀i฀n g  d s i t i e s  ฀o฀f฀ ฀3฀2฀7฀ 
฀h฀p฀D฀N฀A฀.฀ ฀T฀h฀e฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀s฀ ฀o฀f฀ ฀p฀e฀r฀f฀e฀c฀t฀l฀y฀ ฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀a฀r฀y฀ ฀D฀N฀A฀ ฀w฀e฀r฀e฀ ฀0,  1 ,  5 ,฀ ฀1 0 ,  ฀2 0 ,  3 0 ,฀ ฀4฀0฀,฀ 5 0 ,  ฀3฀2฀8฀ 
฀8฀0฀,฀ ฀1฀0฀0฀,฀ ฀2฀0฀0฀ ฀a฀n฀d฀ ฀3฀0฀0฀ ฀n฀M฀.฀ ฀E฀x฀c฀i฀t฀a฀t฀i฀o฀n฀ ฀w฀a฀v฀e฀l฀e฀n฀g฀t฀h฀:฀ ฀4฀8฀5฀ ฀n฀m฀;฀ ฀e฀m฀i฀s฀s฀i฀o฀n  p e a k :  5 1฀7฀ ฀n฀m฀.฀  ฀3฀2฀9฀ 
฀ ฀3฀3฀0฀ 
฀F฀u฀r฀t฀h฀e฀r฀m฀o฀r฀e฀,฀ ฀t฀i฀m฀e฀-฀r฀e฀s฀o฀l฀v฀e฀d฀ ฀f฀l฀u฀o r e s c n c e  s p e c t r o s฀c฀o฀p฀y฀ ฀w฀a฀s฀ ฀e฀m฀p฀l฀o฀y฀e฀d฀ ฀t฀o฀ ฀e฀v฀a฀l฀u฀a฀t e t h e  l i f฀e฀t฀i฀m฀e฀ ฀3฀3฀1฀ 
฀c฀h฀a฀n฀g฀e฀ ฀o฀f฀ ฀F฀A฀M฀ ฀o฀n฀ ฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀b฀e฀f฀o฀r฀e฀ ฀a฀n฀d฀ ฀a฀f฀t฀e฀r฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀w฀i฀t฀h฀ ฀t฀a฀r฀g฀e฀t฀s฀.฀ ฀F฀o฀r฀ ฀c฀o฀m฀p฀a฀r฀i฀s฀o฀n฀,฀ ฀th e  ฀3฀3฀2฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀ ฀o฀f฀ ฀f฀r฀e฀e฀ ฀h฀p฀D฀N฀A฀-฀F฀A฀M฀ ฀w฀a฀s฀ ฀a฀n฀a฀l฀y฀s฀e฀d฀ ฀p฀r฀i฀o฀r฀ ฀t฀o฀ ฀c฀o฀n฀j฀u฀g฀a฀t฀i฀o฀n฀ ฀t฀o฀ ฀G฀N R .฀ ฀3฀3฀3฀ 
฀T฀w฀o฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀w฀e฀r฀e฀ ฀f฀o฀u฀n฀d฀ t฀o฀ ฀p฀r e s  i n฀ ฀t฀h฀e฀ ฀f฀r฀e฀e฀ h฀p฀D฀N฀A- F A M  s a m p l฀e฀,฀ w฀h e r฀e฀ ฀t฀h฀e฀ ฀l฀o฀n฀g฀ ฀3฀3฀4฀ 
฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀o฀f฀ ฀3฀.฀9฀2฀ ฀n฀s฀ ฀w฀a฀s฀ ฀t฀h฀e฀ ฀d฀o฀m฀i฀n฀a฀n฀t฀ ฀o฀n฀e฀,฀ ฀a฀c฀c฀o฀u฀n฀t฀i฀n฀g฀ ฀f฀o฀r฀ ฀a฀ ฀f฀r฀a฀ct฀i฀o n a l  ฀c฀o฀n฀t฀r฀i b u฀t฀i o n  ฀o฀f฀ ฀9฀8฀%฀.฀ ฀I฀t฀ i s  ฀3฀3฀5  
฀w฀o฀r฀t฀h฀ ฀n฀o฀t฀i฀n฀g฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀d฀e฀c฀a฀y฀ ฀o฀f฀ ฀f฀r฀e฀e฀ ฀h฀p฀D฀N฀A฀-฀F฀A฀M฀ ฀i฀n฀ ฀“c l s d ”  s t฀a฀t฀e฀ ฀(฀w฀i฀t฀h฀o฀u t  ฀b i฀n d i฀n฀g฀ ฀3฀3฀6฀ 
฀t฀o฀ ฀c฀D฀N฀A฀)฀ ฀w฀a฀s฀ ฀s฀l฀i฀g฀h฀t฀l฀y฀ ฀d฀i฀f฀f฀e฀r฀e฀n฀t฀ ฀f฀r฀o฀m฀ ฀t฀h฀a฀t฀ ฀i฀n฀ ฀“฀o฀p฀e฀n฀”฀ ฀s฀t฀a฀t฀e฀ ฀(฀h฀y฀b฀r฀i฀d฀i฀z e d  w i t h  c D N฀A฀)฀ ฀w t฀h  b o t฀h฀ ฀3฀3฀7  
฀l฀o฀n฀g฀ ฀a฀n฀d฀ ฀s฀h฀o฀r฀t฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀s฀ ฀o฀f฀ ฀f฀r฀e฀e฀ ฀o฀p฀e฀n฀-฀s฀t฀a฀t฀e฀ ฀h฀p฀D฀N฀A฀-฀F฀A฀M฀ ฀s฀l฀i฀g฀h฀t฀l฀y฀ ฀g฀r฀e฀a t฀e r  ฀t฀h฀a฀n฀ ฀t฀h฀o฀s฀e฀ ฀o f  ฀h฀p฀D฀N฀A -฀3฀3฀8  
฀F฀A฀M฀ ฀i฀n฀ ฀“฀c฀l฀o฀s฀e฀d฀”฀ ฀s฀t฀a฀t฀e฀,฀ ฀a฀s฀ ฀d฀e฀t฀e฀r฀m฀i฀n฀e฀d฀ ฀f฀r฀o฀m฀ ฀m฀u฀l฀t฀i฀-฀e฀x฀p฀o฀n฀e฀n฀t฀i฀a฀l฀ ฀a฀n฀al y s i฀s฀ ( T a b l฀e฀ 2฀)฀.฀ ฀T฀h฀i฀s  i s฀ ฀3฀3฀9฀ 
฀p฀r฀o฀b฀a฀b฀l฀y฀ ฀d฀u฀e฀ ฀t฀o฀ ฀t฀h฀e฀ ฀c฀l฀o฀s฀e฀ ฀p฀r฀o฀x฀i฀m฀i฀t฀y฀ ฀o฀f฀ ฀F฀A฀M฀ ฀t฀o฀ ฀t฀h฀e฀ ฀g฀u฀a฀n฀i฀n฀e฀ ฀i฀n฀ ฀t฀he  h a i r p i฀n  ฀c฀o฀n฀f฀o฀r฀m a t฀i฀o฀n฀.฀ ฀P฀r฀e฀v฀i฀o฀u฀s฀ ฀3฀4฀0฀ 




฀t฀h฀e฀ ฀p฀h฀o฀t฀o฀i฀n฀d฀u฀c฀e฀d฀ ฀e฀l฀e฀c฀t฀r฀o฀n฀ ฀t฀r฀a฀n฀s฀f฀e฀r฀.฀5฀2฀–฀5฀4 I฀n฀d e d ,  t h e  h p D฀N฀A - F A฀M฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀w฀i฀t฀h฀ ฀c฀D฀N฀A฀ ฀s฀h฀o฀w฀e฀d฀ ฀3฀4฀2  
฀a฀ ฀1฀.฀7฀-฀f฀o฀l฀d฀ ฀i฀n฀c฀r฀e฀a฀s฀e฀ ฀i฀n฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀nc฀e฀ i n t e n s i t y  w฀i฀t h฀ r e s p฀e฀c฀t฀ ฀t฀o฀ ฀th e  h p D฀N฀A - F A M฀ ฀i฀n฀ ฀“฀c฀l฀o฀s฀e฀d฀”฀ ฀s฀t฀a฀t฀e฀.฀ ฀ ฀3฀4฀3฀ 
฀A฀f฀t฀e฀r฀ ฀b฀e฀i฀n฀g฀ ฀a฀s฀s฀e฀m฀b฀l฀e฀d฀ ฀o฀n฀ ฀G฀N฀R฀s฀,฀ ฀t฀h฀e฀ ฀F฀A฀M฀ ฀m฀o฀l฀e฀c฀u฀l฀e฀s฀ ฀w฀e฀r฀e฀ ฀h฀e฀l฀d฀ ฀t฀o฀ ฀t฀ h฀ e฀  ฀ c฀ l฀ o s e  ฀ p฀ r฀ o฀ x฀ i m฀ i฀ t y฀  ฀ o฀ f  ฀3฀4฀4฀ 
฀G฀N฀R฀ ฀s฀u฀r฀f฀a฀c฀e฀s฀ ฀b฀y฀ ฀t฀h฀e฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀D฀N฀A฀ ฀s฀tr u c฀t฀u฀r฀e฀ ฀i฀n฀ t฀h e฀ ฀a฀b฀s฀e n c e฀ ฀o฀f฀ ฀t฀a฀rg฀e฀t฀s .  C฀o฀n฀s฀e฀q฀u฀e฀n฀t฀l฀y฀,฀ ฀t฀h฀e฀ ฀3฀4฀5฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀o฀f฀ ฀F฀A฀M฀ ฀w฀a฀s฀ ฀d฀r฀a฀m฀a฀t฀i฀c฀a฀l฀l฀y฀ ฀s฀h฀o฀r฀t฀e฀n฀e฀d฀,฀ ฀d฀u฀e฀ ฀t฀o t h e฀ ฀f l u o r e s c e n฀c฀e  q u e n฀c฀h฀i฀n฀g฀ ฀3฀4฀6฀ 
฀e฀f฀f฀e฀c฀t฀ ฀i฀n฀d฀u฀c฀e฀d฀ ฀b฀y฀ ฀G฀N฀R฀.฀ ฀M฀u฀l฀t฀i฀-฀e฀x฀p฀o฀n฀e฀n฀t฀i฀a฀l฀ ฀f฀i฀t฀t฀i฀n฀g฀ ฀s฀h฀o฀w฀s฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀F฀A฀M  ฀i฀n฀ ฀N฀R฀-฀h฀p฀D N฀A฀4฀0 0  h฀a฀s฀ ฀3฀4฀7฀ 
฀t฀h฀r฀e฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀o฀f฀ ฀2฀.฀8฀7฀ ฀n฀s฀ (฀8฀% ) ,฀ ฀0฀.฀8฀5  ฀n฀s฀ ฀(฀5฀9฀%฀)฀ ฀a฀n฀d฀ ฀0฀.฀3 5  n s  ฀(฀3฀3 %฀)฀ ( T a b l e  ฀2 ) .฀ ฀A฀s฀ ฀n฀o฀t฀e฀d฀,฀ ฀3฀4฀8  
฀t฀h฀e฀ ฀s฀h฀o฀r฀t฀e฀r฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀o฀f฀ ฀l฀e฀s฀s฀ ฀t฀h฀a฀n฀ ฀1฀ ฀n฀s฀ ฀w฀e฀r฀e฀ ฀d฀o฀m฀i฀n฀a฀n฀t฀ ฀i n  t฀h฀e฀ ฀f฀l฀u฀o฀r฀e s c e n c e  d e c a y . T h e  ฀3฀4฀9  
฀t฀o฀t฀a฀l฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀l฀i฀f฀e฀t฀i฀me  w฀a฀s฀ c฀a฀l฀c฀u฀l฀a฀t฀e฀d฀ ฀t฀o฀ ฀b฀e฀ ฀0฀.฀8฀5฀ ฀n฀s฀,฀ ฀a฀b฀o฀u฀t฀ ฀4฀.฀5฀-฀f฀o฀l฀d฀ s m a฀l฀l฀e฀r฀ ฀t฀h฀a n  t h a t  o฀f฀ ฀t฀h฀e฀ ฀f฀r฀e฀e฀ ฀3฀5฀0  
฀c฀l฀o฀s฀e฀d฀-฀s฀t฀a฀t฀e฀ ฀h฀p฀D฀N฀A฀-฀F฀A฀M฀,฀ ฀c฀o฀n฀f฀i฀r฀m฀i฀n฀g฀ ฀t฀h e  q u฀e฀n฀c฀h฀i฀n฀g฀ ฀e f฀f฀e฀c฀t฀ ฀i฀n฀t฀r฀o฀d฀uc฀e฀d  ฀b฀y  ฀G N฀R฀.฀ ฀U p o n฀ ฀t a฀r฀g฀e฀t฀ ฀3฀5฀1฀ 
฀b฀i฀n฀d฀i฀n฀g฀,฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀o฀f฀ ฀F฀A฀M  r c o v e r e฀d฀ ฀a฀s฀ ฀x฀p฀e฀c฀t฀e฀d,  w i t h  t h฀r฀e  ฀l฀i฀f฀e฀t฀i m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀3฀5฀2฀ 
฀o฀f฀ ฀3฀.฀9฀3฀ ฀n฀s฀ ฀(฀2฀3฀%฀)฀,฀ ฀1฀.฀0฀5฀ ฀n฀s฀ ฀(฀2฀4฀%฀)฀ ฀a฀n฀d฀ ฀0฀.฀4฀5฀ ฀n฀s฀ ฀(฀5฀3฀%฀)฀ ฀(฀T฀a฀b฀l฀e฀ ฀2฀)฀.฀ ฀T฀h฀e฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀w฀a฀s฀ ฀1฀.฀4฀0฀ ฀n฀s฀,฀ ฀3฀5฀3฀ 
฀a฀b฀o฀u฀t฀ ฀1฀.฀6฀-฀f฀o฀l฀d฀ ฀i฀n฀c฀r฀e฀a฀s฀e฀ ฀c฀o฀m฀p฀a฀r฀e฀d฀ ฀t฀o฀ ฀t฀h฀a฀t฀ ฀o฀f฀ ฀t฀h฀e฀ ฀c฀l฀o฀s฀e฀d฀-฀s฀t฀a฀t฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀.฀ ฀A฀l฀l฀ ฀o฀f฀ ฀t h฀e฀ ฀l฀i f e t i m e฀ ฀3฀5฀4฀ 
฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀i฀n฀c฀r฀e฀a฀s฀e฀d฀ ฀w฀i฀t฀h฀ ฀t฀h฀e฀ ฀l฀o฀n฀g฀e฀s฀t฀ ฀o฀n฀e฀ ฀a฀p฀p฀r฀o฀a฀c฀h฀i฀n฀g฀ ฀t฀h฀a฀t฀ ฀o฀f฀ ฀fr e e o p e n฀-฀s t a t e  h p D฀N฀A฀-฀F฀A M฀.  ฀3฀5฀5฀ 
฀T฀h฀e฀ ฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ ฀o฀f฀ ฀t฀h฀e฀ ฀l฀o฀n฀g฀e฀s฀t฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o m p฀o฀n฀e฀n฀t฀ ฀si g n i f i c a n l y  ฀i฀n฀c฀r฀e฀a฀s฀e฀d฀,฀ ฀w฀h฀e฀r฀e฀a฀s฀ ฀3฀5฀6฀ 
฀t฀h฀e฀ ฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ ฀o฀f฀ ฀s฀h฀o฀r฀t฀e฀r฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀d฀e฀c฀r฀e฀a฀s฀e฀d฀.฀ ฀T฀he  e x i s t฀e฀n c e฀ o f  s h r฀t฀ ฀l฀i f e i m e  ฀3฀5฀7  
฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀i฀n฀d฀i฀c฀a฀t฀e฀d฀ ฀t฀h฀a฀t฀ ฀n฀o฀t฀ ฀a฀l฀l฀ h p฀D฀N A  o p฀e฀n฀e฀d฀,฀ ฀i฀n฀ ฀l฀i฀n฀e฀ ฀w฀i฀t฀h฀ ฀p฀re v i o฀u s  f i฀n d i n g  t h a t  a฀b฀o฀u฀t฀ ฀2฀7฀%฀ ฀3฀5฀8฀ 
฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀w฀e฀r฀e฀ ฀i฀n฀ ฀o฀p฀e฀n฀ ฀s฀t฀a฀t฀e฀s฀.฀ T h e  f l u o r s c e n฀c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀d฀i฀s฀t฀r฀i฀bu t i o n s  r e t r i e฀v฀e d  f฀r o m฀ ฀m฀a฀x฀i฀m฀u฀m฀ ฀3฀5฀9฀ 
฀e฀n฀t฀r฀o฀p฀y฀ ฀m฀e฀t฀h฀o฀d฀ ฀(฀M฀E฀M฀)฀a r e  s h o w฀n  i฀n F i g u฀r฀e฀ 5฀ ฀(฀D฀)฀.฀ ฀B฀y฀ ฀s฀u฀m฀m฀i฀n฀g฀ ฀t฀h฀e฀ ฀a฀r฀e฀a฀ ฀u฀n฀d฀e฀r฀ ฀t฀h฀e฀ ฀p฀e฀a฀k฀s฀,฀ ฀t฀h฀e฀ ฀3฀6฀0฀ 
฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i฀o฀n฀s฀ ฀f฀o฀r฀ ฀a฀ ฀co n t i n u฀o฀u฀s฀ ฀l฀i f e t i m฀e฀ ฀d฀i฀s฀t฀r฀i฀b฀u฀t฀i฀o฀n c a n  b e  d e t e m฀i฀n฀e฀d฀.฀ ฀T฀h฀e฀ ฀M฀E฀M฀ ฀3฀6฀1฀ 
฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀r฀e฀v฀e฀a฀l฀s฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀s฀p฀e฀c t r฀u฀m  o฀f  N฀R - h p D฀N฀A฀4฀0฀0฀ ฀i฀n฀ ฀t฀h฀e฀ ฀a b s n฀c e฀ ฀o฀f  c D฀N฀A  ฀c฀o฀n฀s฀i฀s฀t฀s฀ ฀o฀f฀ ฀3฀6฀2฀ 
฀t฀h฀r฀e฀e฀ ฀p฀e฀a฀k฀s฀ ฀l฀o฀c฀a฀t฀e฀d฀ ฀a฀t฀ ฀3฀.฀3฀7฀ ฀n฀s฀ ฀(฀2฀2฀%฀)฀,฀ ฀0฀.฀9฀3฀ ฀n฀s฀ ฀(฀5฀2฀%฀)฀ ฀a฀n฀d฀ ฀0฀.฀4฀4฀ ฀n฀s ( 2 2 %฀)฀ ฀a฀n฀d฀ ฀o฀n e฀ ฀e฀x฀t฀r฀e฀m฀e฀l฀y  ฀s฀m฀a฀l฀l฀ ฀3฀6฀3  




฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀ ฀s฀h฀i฀f฀t฀e฀d฀ ฀t฀o฀w฀a฀r฀d฀s฀ ฀a฀ ฀g฀r฀e฀a฀t e฀r฀ ฀v฀a฀l฀u฀e฀ ( 4฀.฀0฀6฀ ฀n฀s฀)฀ ฀w฀it h  t h e  f r a c t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ ฀3฀6฀5  
฀i฀n฀c฀r฀e฀a฀s฀i฀n฀g฀ ฀t฀o฀ ฀6฀3฀%฀,฀ ฀w฀h฀e฀r฀e฀a฀s฀ ฀t฀h฀e฀ ฀0฀.฀9฀3฀-฀n฀s฀ ฀b฀a฀n฀d฀ ฀s฀h฀i฀f฀t฀e฀d฀ ฀t฀o฀ ฀1฀.฀1฀8฀ ฀n฀s฀ ฀w i฀t฀h฀ ฀t฀h฀e฀ ฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r i b฀u฀t฀i o฀n฀ ฀3฀6฀6  
฀f฀a฀l฀l฀i฀n฀g฀ ฀t฀o฀ ฀1฀7฀%฀.฀ ฀M฀e฀a฀n฀w฀h฀i฀l฀e฀,฀ ฀t฀h฀e฀ ฀s฀e฀c฀o฀n฀d฀ ฀s฀h฀o฀r฀t฀e฀s฀t฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀p฀e฀a฀k฀ ฀b฀e฀c฀a฀m฀e฀ ฀r฀e฀l฀a฀t฀i฀v฀e฀l฀y฀ ฀s h a฀r฀p฀ a n฀d฀ ฀n฀a r r o w฀ ฀3฀6฀7฀ 
฀w฀i฀t฀h฀ ฀b฀a฀r฀y฀c฀e฀n฀t฀r฀e฀ ฀a฀t฀ ฀0฀.฀4฀8฀ ฀n฀s฀ ฀a฀n฀d฀ ฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ ฀o฀f฀ ฀2฀0฀%฀.฀ ฀I฀n฀ ฀c฀o฀n฀t฀r฀a฀s฀t฀,฀ t h฀e฀ ฀c o฀n฀t฀r฀i b u฀t฀i฀o฀n฀ ฀f฀r o m฀ ฀3฀6฀8฀ 
฀t฀h฀e฀ ฀s฀h฀o฀r฀t฀e฀s฀t฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀p฀e฀a฀k฀ ฀(฀0฀.฀0฀4฀ ฀n฀s฀)฀ ฀a฀l฀m฀o฀s฀t฀ ฀v฀a฀n฀i฀s฀h฀e฀d฀ ฀i฀n฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e d e c a y , o n l y  a c c o u n฀t i g  ฀3฀6฀9  
฀f฀o฀r฀ ฀a฀ ฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ ฀o฀f฀ ฀0฀.฀3฀7฀%฀.฀ ฀T฀h฀e฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀s฀ ฀of  ฀N R -฀h฀p฀D฀N A฀4฀0฀0฀ ฀b e f o r n d  f t฀e r  ฀3฀7฀0฀ 
฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀s฀ ฀w฀e฀r฀e฀ ฀c฀a฀l฀c฀u฀l฀a฀t฀e฀d฀ ฀t฀o฀ ฀b฀e฀ ฀1฀.฀6฀ ฀n฀s฀ ฀a฀n฀d฀ ฀2฀.฀9฀ ฀n฀s฀,฀ ฀r฀e฀s฀p฀e฀c฀t฀i฀v฀e฀l฀y฀.฀ ฀D฀u e  t o  ฀t฀h฀e  ฀c฀o฀m p l e x i t฀y  o f  ฀3฀7฀1฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀d฀e฀c฀a฀y฀ ฀i฀n฀ ฀t฀h฀e฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀-฀F฀A฀M฀ ฀s฀y฀s฀t฀e฀m฀,฀ ฀i฀t฀ ฀i฀s฀ ฀n฀o฀t฀ ฀s฀u฀r฀p฀r฀is฀i฀n฀g  ฀t฀h฀a t฀ ฀t฀h฀e฀r e  a r฀e฀ ฀3฀7฀2฀ 
฀d฀i฀s฀c฀r฀e฀p฀a฀n฀c฀i฀e฀s฀ ฀b฀e฀t฀w฀e฀e฀n฀ ฀t฀h฀e฀ ฀f฀i฀t฀t฀i฀n฀g  r฀e฀s฀u฀l฀t฀s฀ ฀o฀b฀t฀a฀i n฀e฀d฀ ฀f฀r฀o฀m฀ ฀M฀E฀M฀ ฀a฀n฀d m u฀l t i฀-฀e฀x p o฀n฀e฀n฀t i฀a฀l฀ ฀m฀o฀d฀e฀l฀s฀.฀ ฀3฀7฀3฀ 
฀N฀e฀v฀e฀r฀t฀h฀e฀l฀e฀s฀s฀,฀ ฀t฀h฀e฀ ฀M฀E฀M฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀i฀s฀ ฀q฀u฀a฀l฀i฀t฀a฀t฀i฀v฀e฀l฀y฀ ฀c฀o฀n฀s฀i฀s฀t฀e฀n฀t฀ ฀w฀i฀t฀ht h e  m u฀l฀t i - e฀x฀p฀o฀n฀e฀n t฀i฀a l฀ ฀a฀n฀a l฀y฀s฀i฀s฀.฀ ฀3฀7฀4฀ 
฀T฀h฀e฀ ฀k฀i฀n฀e฀t฀i฀c฀s฀ ฀r฀e฀v฀e฀a฀l฀e฀d฀ ฀b฀y฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀m฀e฀a฀s฀u฀r฀e฀m฀e฀n฀t฀s฀ ฀a฀r฀e฀ ฀i฀n฀ ฀a฀c฀c฀o฀r฀d฀a฀n฀c฀e฀ ฀w t h  t h฀3฀7฀5฀ 
฀o฀b฀s฀e฀r฀v฀a฀t฀i฀o฀n฀s฀ ฀o฀b฀t฀a฀i฀n฀e฀d฀ ฀b฀y฀ ฀s฀t฀e฀a฀d฀y฀-฀s฀t฀a฀t฀e฀ ฀f฀l u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀s฀p฀e฀c฀t฀r฀o฀s฀c฀o฀p฀y฀ ( F i g u r e  3 ) .   ฀3฀7฀6฀ 
฀C฀o฀m฀p฀a฀r฀i฀n฀g฀ ฀t฀h฀e฀ ฀c฀l฀o฀s฀e฀d฀-฀s฀t฀a฀t฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀w฀i฀t฀h฀ ฀d฀i฀f฀f฀e฀r฀e฀n฀t฀ ฀h฀p฀D฀N฀A฀ ฀d฀e฀n฀s฀i t i e s ,฀ ฀m u l t฀i฀-฀e฀x฀p฀o฀n฀e฀n฀t฀i฀a฀l฀ ฀3฀7฀7฀ 
฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀s฀h฀o฀w฀e฀d฀ ฀s฀i฀m฀i฀l฀a฀r฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀s฀ ฀o฀f฀ ฀~฀0฀.฀8฀ ฀n฀s฀ ฀(฀T฀a฀b฀l฀e฀ ฀2฀)฀, s u g g฀e฀s฀t i n g  ฀a฀ ฀s฀i฀m฀i฀l฀a฀r  ฀h฀a฀i r p i  ฀3฀7฀8฀ 
฀c฀o฀n฀f฀i฀g฀u฀r฀a฀t฀i฀o฀n฀ ฀f฀o฀r฀ ฀a฀l฀l฀ ฀t฀h฀r฀e฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀.฀ ฀H฀o฀w฀e฀v฀e฀r฀,฀ ฀t฀h฀e฀ ฀c฀h฀a฀n฀g฀e฀ ฀o฀f฀ ฀a฀v฀e฀r a g e  ฀l i f e t฀i฀m e  u p฀o฀n฀ ฀3฀7฀9฀ 
฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀w฀a฀s฀ ฀f฀o฀u฀n฀d฀ ฀t฀o฀ ฀b฀e฀ ฀d฀e฀p฀e฀n฀d฀e฀n฀t฀ ฀o฀n฀ ฀t฀h฀e฀ ฀h฀p฀D฀N฀A฀ ฀d฀e฀n฀s฀i฀t฀y฀.฀ ฀Af t e฀r  ฀b฀i฀n฀d฀i฀n฀g฀ ฀t฀o฀ t a฀r g e฀t฀s , t h r฀e฀e฀ ฀3฀8฀0฀ 
฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀p฀o฀n฀e฀n฀t฀s฀ ฀w฀e฀r฀e฀ ฀f฀o฀u฀n฀d฀ ฀s฀i฀m฀i฀l฀a฀r฀ ฀f฀o฀r฀ ฀a฀l฀l฀ ฀t฀h฀r฀e฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀(฀T a฀b฀l฀e฀ ฀2฀)฀.฀ ฀H o w e v฀e r ,  t h฀e  ฀3฀8฀1  
฀c฀o฀r฀r฀e฀s฀p฀o฀n฀d฀i฀n฀g฀ ฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i o n฀s฀ ฀o฀f฀ ฀s฀i฀m฀i฀l฀a฀r฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c฀o฀m฀po฀n e n t w฀e r฀e฀ d฀i฀f฀f e r e n฀t฀.฀ ฀A฀s฀ ฀t฀h฀e฀ ฀3฀8฀2฀ 
฀s฀u฀r฀f฀a฀c฀e฀ ฀d฀e฀n฀s฀i฀t฀y฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀d฀e฀c฀r฀e฀a฀s฀e฀d฀,฀ ฀t฀h฀e฀ ฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ ฀o฀f฀ ฀t฀h฀e฀ ฀l฀o฀n฀g฀e฀s฀t฀ l i฀f฀e฀t฀i฀m฀e  ฀3฀8฀3฀ 
฀c฀o฀m฀p฀o฀n฀e฀n฀t฀ ฀(฀~฀3฀.฀9฀5฀ ฀n฀s฀)฀ ฀i฀n฀c฀r฀e฀a฀s฀e฀d฀ ฀a฀n฀d฀ ฀b฀e฀c฀a฀m฀e฀ ฀d฀o฀m฀i฀n฀a฀n฀t฀ ฀i฀n฀ ฀t฀h฀e฀ ฀f฀l฀u฀o฀re s c e n c e  d e c a y ,  w h i l฀e฀ ฀t฀h฀e฀ ฀3฀8฀4฀ 
฀f฀r฀a฀c฀t฀i฀o฀n฀a฀l฀ ฀c฀o฀n฀t฀r฀i฀b฀u฀t฀i฀o฀n฀s฀ ฀o฀f฀ ฀t฀h฀e฀ s h o r t e r  ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀c o m p฀o฀n฀e฀n฀t฀s฀ ฀d฀e฀cr e a s e d .  T h e  a v e r a g  ฀l฀i฀f฀e฀t฀i฀m฀e฀s฀ ฀o฀f฀ ฀3฀8฀5฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀4฀0฀0฀,฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀2฀0฀0฀ ฀a฀n฀d฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀a฀f฀t฀e฀r฀ ฀b฀i฀n฀d฀i฀n฀g฀ ฀t฀o฀ ฀t฀a฀r฀g฀e฀t฀s฀ ฀w฀e฀r฀e  1 . 4 0฀,฀ 2 . 7 1  ฀3฀8฀6฀ 




฀M฀E฀M฀ ฀c฀l฀e฀a฀r฀l฀y฀ ฀d฀e฀m฀o฀n฀s฀t฀r฀a฀t฀e฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀l฀o฀n฀g฀e฀s฀t฀ ฀l฀i f e฀t i m฀e฀ ฀d฀i฀s฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ c e฀n฀t฀e฀r฀e฀d฀ ฀a฀t฀ ฀~฀4  ฀n฀s  p l a฀y฀e฀d฀ ฀a฀n฀ ฀3฀8฀8฀ 
฀e฀s฀s฀e฀n฀t฀i฀a฀l฀ ฀r฀o฀l฀e฀ ฀i฀n฀ ฀t฀h฀e฀ ฀d฀e฀c฀a฀y฀ ฀o฀f฀ ฀t฀h฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀,฀ ฀w฀h฀i฀l฀e฀ ฀t฀h฀e฀ ฀r฀e฀l฀a฀t฀i v฀e l  b r o a฀d฀ ฀l i f e t฀i฀m฀e  ฀3฀8฀9฀ 
฀d฀i฀s฀t฀r฀i฀b฀u฀t฀i฀o฀n฀ ฀r฀a฀n฀g฀i฀n฀g฀ ฀f฀r฀o฀m฀ ฀0฀.฀2฀ ฀–฀ ฀1฀.฀5฀ n฀s฀ ฀w฀a฀s฀ ฀p฀r฀e฀d฀o฀m฀i฀n฀a฀n t฀ ฀i฀n฀ ฀t฀h฀e฀ ฀no n -฀h y b r i d i z e d ฀s฀a฀m฀p฀l฀e฀s฀.฀ ฀M฀o฀r฀e฀o฀v฀e฀r฀,฀ ฀3฀9฀0฀ 
฀t฀h฀e฀ ฀M฀E฀M฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀s฀h฀o฀w฀s฀ ฀t฀h฀a฀t฀ ฀t฀h฀e฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀s฀ ฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀-฀40฀0฀,  ฀N฀R฀-฀h฀p฀D N A฀2฀0฀0฀ ฀a n d  ฀3฀9฀1  
฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀w฀e฀r฀e฀ ฀~฀1฀.฀6฀ ฀n฀s฀ ฀b฀e฀f฀o฀r฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀,฀ ฀b฀u฀t฀ ฀i฀n฀c฀r฀e฀a฀s฀e฀d฀ ฀t฀o฀ ฀2฀.฀9฀,  ฀3฀.฀7฀ ฀a฀n฀d฀ ฀3฀.฀8฀ n s ,  ฀3฀9฀2฀ 
฀r฀e฀s฀p฀e฀c฀t฀i฀v฀e฀l฀y฀,฀ ฀a฀f฀t฀e฀r฀ ฀e฀x฀p฀o฀s฀u฀r฀e฀ ฀t฀o฀ ฀an  ฀e฀x฀c฀e฀s฀s฀ ฀o฀f฀ ฀t a฀r g฀e฀t  ฀s t r฀a฀n฀d฀s฀.฀ ฀T฀he s e฀ ฀w฀e฀r฀e  ฀a g a i฀n฀ ฀i฀n฀ ฀a฀g฀r฀e฀e฀m฀e฀n฀t฀ ฀w฀i฀t฀h฀ ฀3฀9฀3฀ 
฀t฀h฀e฀ ฀m฀u฀l฀t฀i฀-฀e฀x฀p฀o฀n฀e฀n฀t฀i฀a฀l฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀r฀e฀s฀u฀l฀t฀s฀.฀ ฀T฀h฀e฀ ฀c฀h฀a฀n฀g฀e฀s฀ ฀i฀n฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀l฀i฀f฀e฀t฀i m฀e฀ ฀r฀e฀v฀e฀a l e d  b y  b o t h  f฀i฀t฀t฀i฀n฀g฀ ฀3฀9฀4  
฀m฀e฀t฀h฀o฀d฀s฀ ฀w฀e฀r฀e฀ ฀i฀n฀ ฀l฀i฀n฀e฀ ฀w฀i฀t฀h฀ ฀h฀y฀b฀r฀i฀d฀i z a฀t i o n฀ ฀e฀f f i c i e n c฀y฀ f o฀u฀n฀d฀ ฀i฀n฀ ฀T฀a฀bl e฀ ฀1฀.  H฀o฀w฀e฀v฀e฀r฀,฀ ฀t฀h฀e฀ ฀a฀v฀e฀r฀a฀g฀e฀ ฀3฀9฀5฀ 
฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀f฀o฀r฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀a฀f฀t฀e฀r฀ ฀h฀y฀b฀r฀i฀d i z a t฀i฀o฀n  w฀a฀s฀ ฀s฀t฀i l l  s m a฀l฀l฀e฀r฀ ฀t฀h฀a฀n฀ ฀t฀h฀a t฀ ฀o฀f฀ ฀f฀r฀e฀e฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀3฀9฀6  
฀D฀N฀A฀s฀,฀ ฀a฀l฀t฀h฀o฀u฀g฀h฀ ฀9฀4฀%฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀w฀e฀r฀e฀ y b r i฀d฀i฀z฀e฀d฀ ฀a฀s฀ r฀e฀v฀e฀a฀l฀e฀d฀ ฀a฀b฀o฀v฀e฀.฀ T h i฀s฀ ฀i s  p o s฀s฀i฀b฀l฀y฀ b e฀c฀a฀u฀s฀e฀ ฀3฀9฀7฀ 
฀t฀h฀a฀t฀ ฀n฀o฀t฀ ฀a฀l฀l฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀e฀d฀ ฀h฀p฀D฀N฀A฀s฀ ฀f฀u฀l฀l฀y฀ ฀s฀t฀r฀e฀t฀c฀h฀e฀d฀ ฀o฀u฀t฀ ฀f฀r฀o฀m฀ ฀t฀h฀e฀ ฀G฀N฀R s u r฀f฀a฀c e฀,  d u฀e฀ ฀t฀o฀ ฀l฀o฀w  ฀h฀p฀D N฀A฀ ฀3฀9฀8  
฀p฀a฀c฀k฀i฀n฀g฀ ฀d฀e฀n฀s฀i฀t฀y฀ ฀a฀n฀d฀ ฀l฀a฀c฀k฀i฀n฀g฀ ฀o฀f฀ ฀e฀l฀e฀c฀t฀r฀o฀s฀t฀a฀t฀i฀c฀ ฀r฀e฀p฀u฀l฀s฀i฀o฀n฀s฀ ฀f฀r฀o฀m฀ ฀t฀h฀e฀ ฀n฀e฀i฀g฀h฀b฀o฀r฀s฀.฀ ฀T฀h฀i฀s฀ i฀n d i฀c a t฀e s  t฀h  ฀3฀9฀9฀ 
฀t฀i฀m฀e฀-฀r฀e฀s฀o฀l฀v฀e฀d฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀s฀p฀e฀c฀t฀r฀o฀s฀c฀o฀p฀y฀ i฀s฀ a  p o w e r f u฀l฀ ฀t฀e฀c฀h฀n฀i฀q฀u฀e฀ ฀n฀o฀t฀ ฀o฀n฀l฀y฀ ฀f฀o฀r฀ ฀p฀r o v i฀d฀i฀n฀g฀ ฀4฀0฀0  
฀i฀n฀f฀o฀r฀m฀a฀t฀i฀o฀n฀ ฀r฀e฀l฀a฀t฀e฀d฀ ฀t฀o฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀c฀o฀n฀f฀o฀r฀m฀a฀t฀i฀o฀n฀a฀l฀ ฀c฀h฀a฀n฀g฀e฀s฀,฀ ฀a฀s฀ ฀d฀e฀m฀o฀n฀s฀t฀r฀a฀t฀e฀d฀ ฀r฀e฀c฀e฀n฀t฀l฀y ,฀5฀5 b u t฀ ฀a฀l s o฀ ฀t o฀ ฀4฀0฀1  





)LJXUH ฀ ฀(฀U฀p฀p฀e฀r฀ ฀p฀a฀n฀e฀l฀)฀ ฀F฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀ ฀c฀u฀r฀v฀e฀s฀ ฀o฀f฀ ฀(฀A฀)฀ ฀N฀R฀-฀h฀p฀D N A฀4฀0฀0฀,฀ ฀(฀B฀)฀ ฀N R -฀4฀0฀4฀ 
฀h฀p฀D฀N฀A฀2฀0฀0฀,฀ ฀a฀n฀d฀ ฀(฀C฀)฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀b฀e฀f฀o฀r฀e฀ ฀a฀n฀d฀ ฀a฀f฀t฀e฀r฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀(฀[c฀D฀N฀A ]฀=฀8 8 0  n M฀)฀.  T฀h฀e฀ ฀4฀0฀5฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀ ฀c฀u฀r฀v฀e฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀w฀a฀s฀ ฀a฀l฀s฀o฀ ฀p฀r฀e฀s฀e฀n฀t฀e฀d฀ ฀f฀o฀r฀ ฀c฀o฀m p a r i฀s฀o฀n .  ฀S฀a฀m฀p฀l฀e฀s  w฀e฀r฀e฀ ฀4฀0฀6฀ 
฀m฀e฀a฀s฀u฀r฀e฀d฀ ฀i฀n฀ ฀1฀0฀ ฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀7 . 5 ) .  ฀(฀L฀o฀w r  p a n e l )฀ ฀F฀l฀u฀or e s฀c฀e฀n c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀d฀i฀s฀t฀r฀i฀b฀u฀t฀i฀o฀n฀s฀ ฀4฀0฀7฀ 
฀o฀f฀ ฀(฀D฀)฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀4฀0฀0฀,฀ ฀(฀E฀)฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀2฀0฀0฀,฀ ฀a฀n฀d฀ ฀(฀F฀)฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀b฀e฀f฀o฀r฀e฀ a n d฀ ฀a฀f฀t฀e r  ฀4฀0฀8฀ 
฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀o฀b฀t฀a฀i฀n฀e฀d฀ ฀f฀r฀o฀m฀ ฀M฀E฀M฀ ฀an a l฀y s฀i฀s฀.฀ ฀T฀h฀e  ฀f฀l฀u฀o r e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀et i m e฀ ฀d฀i฀s t r i b u t i o n  o฀f฀ ฀h฀p฀D฀N฀A฀ ฀4฀0฀9฀ 








7DEOH฀M฀u฀l฀t฀i฀-฀e฀x฀p฀o฀n฀e฀n฀t฀i฀a฀l฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀o฀f฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀s฀.฀ ฀ ฀4฀1฀5฀ 
฀S฀a฀m฀p฀l฀e฀s฀ τ ฀n฀s฀a  iτ ฀n฀s฀b  if ฀a฀ ฀R2χ ฀ 
฀h฀p฀D฀N฀A฀ ฀3฀.฀8฀7฀ ฀3฀.฀9฀2฀ ฀±฀ ฀0฀.฀0฀1฀ ฀0฀.฀9฀8฀ ฀ 
฀ ฀0฀.฀4฀7฀ ฀±฀ ฀0฀.฀1฀1฀ ฀0฀.฀0฀2฀ ฀1฀.฀1฀4฀ 
฀h฀p฀D฀N฀A฀ ฀+฀ ฀c฀D฀N฀A฀ ฀3฀.฀9฀3฀ ฀ ฀4฀.฀0฀5฀ ฀±฀ ฀0฀.฀0฀2฀ ฀0฀.฀9฀4฀ ฀ 
฀ ฀2฀.฀0฀3฀ ฀±฀ ฀0฀.฀0฀7฀ ฀0฀.฀0฀6฀ ฀1฀.฀0฀8฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀4฀0฀0฀ ฀0฀.฀8฀5฀ ฀2฀.฀8฀7฀ ฀±฀ ฀0฀.฀1฀5฀ ฀0฀.฀0฀8฀ ฀ 
฀ ฀ ฀0฀.฀8฀5฀ ฀±฀ ฀0฀.฀0฀3฀ ฀0฀.฀5฀9฀ ฀ 
฀ ฀ ฀0฀.฀3฀5฀ ฀±฀ ฀0฀.฀0฀5฀ ฀0฀.฀3฀3฀ ฀1฀.฀1฀1฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀4฀0฀0฀ ฀+฀ ฀c฀D฀N฀A฀ ฀1฀.฀4฀0฀ ฀3฀.฀9฀3฀ ฀±฀ ฀0฀.฀1฀0฀ ฀0฀.฀2฀3฀ ฀ 
฀ ฀ ฀1฀.฀0฀5฀ ฀±฀ ฀0฀.฀1฀0฀ ฀0฀.฀2฀4฀ ฀ 
฀ ฀ ฀0฀.฀4฀5฀ ฀±฀ ฀0฀.฀0฀3฀ ฀0฀.฀5฀3฀ ฀1฀.฀2฀0฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀2฀0฀0฀ ฀0฀.฀8฀3฀ ฀2฀.฀6฀4฀ ฀±฀ ฀0฀.฀1฀8฀ ฀0฀.฀1฀1฀ ฀ 
฀ ฀0฀.฀7฀9฀ ฀±฀ ฀0฀.฀0฀4฀ ฀0฀.฀5฀7฀ ฀ 
฀ ฀0฀.฀3฀1฀ ฀±฀ ฀0฀.฀0฀6฀ ฀0฀.฀3฀3฀ ฀1฀.฀1฀8฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀2฀0฀0฀ ฀+฀ ฀c฀D฀N฀A฀ ฀2฀.฀7฀1฀ ฀3฀.฀9฀6฀ ฀±฀ ฀0฀.฀0฀3฀ ฀0฀.฀6฀2฀ ฀ 
฀ ฀ ฀1฀.฀1฀5฀ ฀±฀ ฀0฀.฀1฀6฀ ฀0฀.฀1฀3฀ ฀ 
฀ ฀ ฀0฀.฀4฀1฀ ฀±฀ ฀0฀.฀0฀5฀ ฀0฀.฀2฀5฀ ฀1฀.฀0฀9฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀0฀.฀8฀4฀ ฀2฀.฀1฀0฀ ฀±฀ ฀0฀.฀2฀1฀ ฀0฀.฀1฀0฀ ฀ 
฀ ฀0฀.฀8฀1฀ ฀±฀ ฀0฀.฀0฀5฀ ฀0฀.฀5฀1฀ ฀ 
฀ ฀0฀.฀3฀3฀ ฀±฀ ฀0฀.฀0฀5฀ ฀0฀.฀4฀0฀ ฀1฀.฀1฀3฀ 
฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀+฀ ฀c฀D฀N฀A฀ ฀3฀.฀0฀2฀ ฀3฀.฀9฀5฀ ฀±฀ ฀0฀.฀0฀3฀ ฀0฀.฀7฀2฀ ฀ 
฀ ฀1฀.฀2฀5฀ ฀±฀ ฀0฀.฀2฀5฀ ฀0฀.฀0฀9฀ ฀ 
฀ ฀0฀.฀3฀9฀ ฀±฀ ฀0฀.฀0฀5฀ ฀0฀.฀2฀0฀ ฀1฀.฀0฀3฀ 
฀a฀ ฀T฀h฀e฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀d฀e฀c฀a฀y฀ ฀w฀a฀s฀ ฀f฀i฀t฀t฀e฀d฀ ฀t฀o฀ ฀t฀h฀r฀e฀e฀ ฀e฀x฀p฀o฀n฀e฀n฀t฀i฀a฀l฀s฀ ฀p฀l฀u฀s฀ ฀s฀c฀a฀t฀t e r  t o  a k e  i n t o  a c c o฀u฀n฀t  t h e  ฀4฀1฀6  
฀s฀c฀a฀t฀t฀e฀r฀ ฀e฀f฀f฀e฀c฀t฀ ฀c฀a฀u฀s฀e฀d฀ ฀b฀y฀ ฀G฀N฀R฀.฀ ฀A฀n฀d฀ ฀t฀h฀e฀ ฀a฀m฀p฀l฀i฀t฀u฀d฀e฀ ฀o฀f฀ ฀s฀c฀a฀t฀t฀e฀r฀ ฀w฀a฀s฀ e x c฀l u฀d฀e฀d  ฀f฀r฀o฀m  ฀t฀h฀e฀ ฀d฀a฀t฀a฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀.฀ ฀4฀1฀7฀ 






฀I฀n฀ ฀s฀u฀m฀m฀a฀r฀y฀,฀ ฀a฀ ฀n฀e฀w฀ ฀G฀N฀R฀-฀b฀a฀s฀e฀d฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀ ฀w฀i฀t฀h฀ ฀p฀o฀t฀e฀n฀t฀i฀a฀l฀ ฀f฀o฀r฀ ฀m฀R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀w฀a฀s฀ ฀d฀e฀v฀e l o฀p฀e฀d฀ ฀b฀y฀ ฀4฀2฀1฀ 
฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀i฀n฀g฀ ฀G฀N฀R฀ ฀w฀i฀t฀h฀ ฀f฀l฀u฀o฀r฀o฀p฀h฀o฀r฀e฀ ฀l฀a฀b฀e฀l฀l฀e฀d฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀o฀l฀i฀g฀o฀n฀u฀c฀le o t i d e s .  T i฀s฀ ฀n a n o p r o฀b฀e฀ ฀w฀a฀s฀ ฀4฀2฀2฀ 
฀f฀o฀u฀n฀d฀ ฀t฀o฀ ฀b฀e฀ ฀s฀e฀n฀s฀i฀t฀i฀v฀e฀ ฀t฀o฀ ฀a฀ ฀c฀o฀m฀p฀le m฀e฀n฀t฀a฀r฀y฀ ฀o฀l฀i฀g฀o฀n u c l฀e฀o฀t฀i฀d฀e฀ ฀a฀s฀ ฀i฀n฀di c a฀t e฀d฀ b y  ฀s฀i฀g฀n฀i฀f฀i฀c฀a฀n฀t฀ ฀c฀h฀a฀n฀g฀e฀s฀ ฀i฀n฀ ฀4฀2฀3฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀a฀n฀d฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀.฀ ฀T฀u฀n฀e฀a฀b฀l฀e฀ ฀l฀o฀a฀d฀i฀n฀g฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀o฀n฀ ฀G฀N R฀ ฀w a฀s฀ a฀c฀h฀i฀e฀v฀e฀d฀ ฀b฀y  ฀4฀2฀4฀ 
฀v฀a฀r฀y฀i฀n฀g฀ ฀t฀h฀e฀ ฀m฀o฀l฀a฀r฀ ฀r฀a฀t฀i฀o฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀t  G฀N฀R  d u฀r i n g฀ ฀t h e  ฀f฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀a฀t฀i฀o n฀ ฀p฀r o c฀e฀s฀s฀.฀ ฀I t  w a฀s฀ ฀f฀o฀u฀n฀d฀ ฀t฀h฀a฀t฀ ฀4฀2฀5฀ 
฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀ ฀o฀f฀ ฀h฀i฀g฀h฀e฀r฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀c฀o฀v฀e฀r฀a฀g฀e฀ ฀s฀h฀o฀w฀e฀d฀ ฀b฀e฀t฀t฀e฀r฀ ฀p฀e฀r฀f฀o฀r฀m฀an฀c฀e฀ ฀i฀n฀ ฀t฀e r m฀s฀ ฀o฀f฀ s n฀s฀i t i฀v฀i฀t฀y฀ ฀a฀n฀d฀ ฀4฀2฀6  
฀d฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀r฀a฀n฀g฀e฀ ฀f฀r฀o฀m฀ ฀t฀h฀e฀ ฀s฀t฀e฀ad y - s t a t e  f฀l฀u฀o฀r฀e฀s฀c e n฀c฀e฀ ฀s฀p฀e฀c฀t฀r฀o฀s฀c฀o฀p฀y m e a s u r e m฀e฀n฀t฀.฀ ฀I฀t฀ w฀a฀s฀ a฀l฀s฀o฀ ฀f฀o฀u฀n฀d฀ ฀4฀2฀7฀ 
฀t฀h฀a฀t฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀o฀f฀ ฀t฀h฀e฀ ฀h฀i฀g฀h฀e฀s฀t฀ ฀h฀a฀i฀r฀p฀i฀n฀ ฀d฀e฀n฀s฀i฀t฀y฀ ฀c฀a฀p฀t฀u฀r฀e฀d฀ ฀t฀h฀e฀ ฀l฀a฀r฀g฀e฀s฀t฀ n u m฀b e฀r฀ ฀o f฀ ฀t฀a฀r฀g฀e฀t฀ ฀s฀t฀r฀a฀n฀d฀s฀,฀ b฀u฀t  ฀4฀2฀8  
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฀I฀m฀a฀g฀i฀n฀g฀,฀”฀ J. Appl. Phys.  ฀ ฀0฀6฀4฀7฀0฀1 ( 2 0 0฀7฀)฀ ฀5฀1฀5฀ 
฀3฀1฀.฀ ฀C฀.฀-฀C฀.฀ ฀C฀h฀e฀n฀,฀ ฀Y฀.฀-฀P฀.฀ ฀L฀i฀n฀,฀ ฀C฀.฀-฀W฀.฀ ฀W฀a฀n฀g฀,฀ ฀H฀.฀-฀C฀.฀ ฀T฀z฀e฀n฀g฀,฀ ฀C฀.฀-฀H฀.฀ ฀W฀u฀,฀ ฀Y. -฀C .  ฀C h฀e n ,  ฀C฀.฀-฀P฀.฀ ฀C฀h฀e฀n฀,฀ ฀L฀.฀-฀C฀.  ฀5฀1฀6฀ 
฀C฀h฀e฀n฀,฀ ฀Y฀.฀-฀C฀.฀ ฀W฀u฀,฀ ฀“฀D฀N฀A฀-฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀r฀o฀d฀ ฀C฀o฀n฀j฀u฀g฀a฀t฀e฀s฀ ฀f฀o฀r฀ ฀R฀e฀m฀o฀t฀e฀ ฀C฀o฀n฀t฀r฀o฀l฀  o f  ฀ L฀ o c a฀ l฀ i z฀ e฀ d  G฀ e n e฀  ฀5฀1฀7฀ 
฀E฀x฀p฀r฀e฀s฀s฀i฀o฀n฀ ฀b฀y฀ ฀n฀e฀a฀r฀ ฀I฀n฀f฀r฀a฀r฀e฀d฀ ฀I฀r฀r฀a฀d฀i฀a฀t฀i฀o฀n฀,฀”฀ J. Am. Chem. Soc.  ฀,฀ ฀3฀7฀0฀9฀– 3 7 1 5  ( 2 0฀0฀6฀)฀ ฀5฀1฀8฀ 
฀3฀2฀.฀ ฀X฀.฀ ฀H฀u฀a฀n฀g฀,฀ ฀I฀.฀ ฀H฀.฀ ฀E฀l฀-฀S฀a฀y฀e฀d฀,฀ ฀W฀.฀ ฀Q฀i฀a฀n฀,฀ ฀M฀.฀ ฀A฀.฀ ฀E฀l฀-฀S฀a฀y฀e฀d฀,฀ ฀“฀C฀a฀n฀c฀e฀r฀ ฀C฀e฀l฀l฀ ฀I฀m฀a฀g฀i฀n฀g฀ ฀a฀n฀d฀ ฀P฀h฀o฀t฀o฀t฀h฀e฀r฀ma l  ฀5฀1฀9฀ 
฀T฀h฀e฀r฀a฀p฀y฀ ฀i฀n฀ ฀t฀h฀e฀ ฀n฀e฀a฀r฀-฀I฀n฀f฀r฀a฀r฀e฀d฀ ฀R฀e฀g฀i฀o฀n฀ ฀b฀y฀ ฀U฀s฀i฀n฀g฀ ฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀r฀o฀d฀s฀,฀”฀ J. Am. Chem. Soc.฀  ,฀ ฀2 1 1 5 –฀5฀2฀0฀ 
฀2฀1฀2฀0฀ ฀(฀2฀0฀0฀6฀)฀ ฀5฀2฀1฀ 
฀3฀3฀.฀ ฀Y฀.฀ ฀Z฀h฀a฀n฀g฀,฀ ฀G฀.฀ ฀W฀e฀i฀,฀ ฀J฀.฀ ฀Y฀u฀,฀ ฀D฀.฀ ฀B฀i฀r฀c฀h฀,฀ ฀Y฀.฀ ฀C฀h฀e฀n฀,฀ ฀“฀S฀u฀r฀f฀a฀c฀e฀ ฀P฀l฀a฀s฀m฀o฀n฀ ฀E฀n฀h a n฀c e d  E n e r g฀y  T฀r a n s f e฀r  ฀5฀2฀2฀ 
฀b฀e฀t฀w฀e฀e฀n฀ ฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀r฀o฀d฀s฀ ฀a฀n฀d฀ ฀F฀l฀u฀o฀r฀o฀p฀h฀o฀r฀e฀s฀:฀ ฀A฀p฀p฀l฀i฀c฀a฀t฀i฀o฀n฀ ฀t฀o฀ ฀E฀n฀d฀o฀c฀y฀t฀o฀s฀i฀s  S฀t u d฀y฀ ฀a฀n฀d฀ ฀R N  ฀5฀2฀3฀ 
฀D฀e฀t฀e฀c฀t฀i฀o฀n฀,฀”฀ Faraday Discuss.  ฀,฀ ฀3฀8฀3฀-฀3฀9฀4฀ ฀(฀2฀0฀1฀5฀)฀ ฀5฀2฀4฀ 
฀3฀4฀.฀ ฀B฀.฀ ฀N฀i฀k฀o฀o฀b฀a฀k฀h฀t฀,฀ ฀M฀.฀ ฀A฀.฀ ฀E฀l฀-฀S฀a฀y฀e฀d,  “ P r e p a฀r a t฀i฀o฀n฀ ฀a฀n฀d฀ ฀G r฀o฀w฀t฀h฀ ฀M฀e฀c฀ha฀n฀i s m฀ ฀o฀f฀ ฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀r฀o฀d฀s฀ ฀5฀2฀5฀ 
฀(฀N฀R฀s฀)฀ ฀U฀s฀i฀n฀g฀ ฀S฀e฀e฀d฀-฀M฀e฀d฀i฀a฀t฀e฀d฀ ฀G฀r฀o฀w฀t฀h฀ ฀M฀e฀t฀h฀o฀d฀,฀”฀ Chem. ater.฀ ฀,฀ ฀1฀9฀5 7฀–฀1฀9฀6฀2฀ ฀(฀2฀0฀0฀3฀)฀ ฀5฀2฀6฀ 
฀3฀5฀.฀ ฀T฀.฀ ฀K฀.฀;฀ ฀S฀a฀u฀,฀ ฀C฀.฀ ฀J฀.฀ ฀M฀u฀r฀p฀h฀y฀,฀ ฀“฀S฀e฀e฀d฀e฀d฀ ฀H฀i฀g h  Y฀i฀e฀l฀d฀ ฀S฀y฀n t h฀e฀s฀i฀s฀ ฀o฀f฀ ฀S฀h฀o r฀t฀ A฀u฀ ฀N a n o฀r o฀d฀s฀ ฀i฀n฀ ฀A฀q฀u฀e฀o฀u฀s฀ ฀5฀2฀7฀ 
฀S฀o฀l฀u฀t฀i฀o฀n฀,฀”฀ Langmuir   ,  ฀6฀4฀1฀4฀–฀6฀4฀2฀0฀ ฀(฀2฀0฀0฀4฀)฀ ฀5฀2฀8฀ 
฀3฀6฀.฀ ฀A฀.฀ ฀W฀i฀j฀a฀y฀a฀,฀ ฀K฀.฀ ฀H฀a฀m฀a฀d฀-฀S฀c฀h฀i฀f฀f฀e฀r฀l฀i฀,฀ ฀“฀L฀i฀g฀a฀n฀d฀ ฀C฀u฀s฀t฀o฀m฀i฀z฀a฀t฀i฀o฀n฀ ฀a฀n฀d฀ ฀D฀N฀A฀ ฀F฀u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀at i o n  o f฀ ฀G฀o฀l฀d฀ ฀5฀2฀9฀ 




฀3฀7฀.฀ ฀C฀.฀ ฀J฀.฀ ฀O฀r฀e฀n฀d฀o฀r฀f฀f฀,฀ ฀C฀.฀ ฀J฀.฀ ฀M฀u฀r฀p฀h฀y฀,฀ ฀“฀Q฀u฀a฀n฀t฀i฀t฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀M฀e฀t฀a฀l฀ ฀C฀o฀n฀t฀en t  i n฀ ฀t฀h฀e฀ ฀S฀i฀l฀v฀e฀r฀- A฀s฀s฀i฀s฀t฀e฀d฀ ฀G r฀o w t฀h฀ ฀5฀3฀1฀ 
฀o฀f฀ ฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀r฀o฀d฀s฀,฀”฀ J. Phys. Chem. B  ฀,฀ ฀3฀9฀9฀0฀–฀3฀9฀9฀4฀ ฀(฀2฀0฀0฀6฀)฀ ฀5฀3฀2฀ 
฀3฀8฀.฀ ฀L฀.฀ ฀M฀.฀ ฀D฀e฀m฀e฀r฀s฀,฀ ฀C฀.฀ ฀A฀.฀ ฀M฀i฀r฀k฀i฀n฀,฀ ฀R฀.฀ ฀C฀.฀ ฀M฀u฀c฀i฀c฀,฀ ฀R฀.฀ ฀A฀.฀ ฀R฀e฀y฀n฀o฀l฀d฀s฀,฀ ฀R฀. L .฀ ฀L e t s฀i฀n g฀e r ,฀ ฀R .฀ ฀E฀l฀g฀h฀a n฀i฀a n฀,฀ ฀G฀.฀ ฀5฀3฀3฀ 
฀V฀i฀s฀w฀a฀n฀a฀d฀h฀a฀m฀,฀ ฀“฀A฀ ฀F฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀-฀B฀a฀s฀e฀d฀ ฀M฀e฀t฀h฀o฀d฀ ฀f฀o฀r฀ ฀D฀e฀t฀e฀r฀m฀i฀n฀i฀n฀g฀ ฀t฀h฀e฀ ฀Su r฀f฀a฀c฀e฀ ฀C o v e r฀a฀g฀e฀ ฀a฀n฀d฀ ฀5฀3฀4฀ 
฀H฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀E฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ ฀o฀f฀ ฀T฀hi o l฀-฀C฀a p p e d฀ ฀O฀l฀i g o฀n฀u c฀l฀e฀o฀t฀i฀d฀e฀s฀ ฀B฀o฀u฀n฀d฀ ฀t฀o฀ ฀G฀o฀l฀d฀ ฀T฀h฀i฀n฀ ฀F฀i฀l฀m฀s฀ ฀a฀n฀d฀ ฀5฀3฀5฀ 
฀N฀a฀n฀o฀p฀a฀r฀t฀i฀c฀l฀e฀s฀,฀”฀ Anal. Chem.฀ ฀,฀ ฀5฀5฀3฀5฀–฀5฀5฀4฀1฀ ฀(฀2฀0฀0฀0฀)฀ ฀5฀3฀6฀ 
฀3฀9฀.฀ ฀K฀.฀ ฀A฀.฀ ฀B฀r฀o฀w฀n฀,฀ ฀S฀.฀ ฀P฀a฀r฀k฀,฀ ฀K฀.฀ ฀H฀a฀m฀a฀d฀-฀S฀c฀h฀i฀f฀f฀e฀r฀l฀i฀,฀ ฀“฀N฀u฀c฀l฀e฀o฀t฀i฀d฀e฀−฀S฀u฀r฀f฀a฀c e฀ ฀I฀n฀t฀e฀r a c t฀i฀o฀n฀s฀ ฀i฀n  D฀N฀A -฀5฀3฀7฀ 
฀M฀o฀d฀i฀f฀i฀e฀d฀ ฀A฀u฀−฀N฀a฀n฀o฀p฀a฀r฀t฀i฀c฀l฀e฀ ฀C฀o฀n฀j฀u฀g฀a฀t฀e฀s฀:฀ ฀S฀e฀q฀u฀e฀n฀c฀e฀ ฀E฀f฀f฀e฀c฀t฀s฀ ฀o฀n฀ ฀R฀e฀a฀c฀t฀i฀v฀i฀t฀y฀ a n฀d฀ H฀y฀b฀r฀i฀d฀i฀z฀a฀t i o n , ”  J. ฀5฀3฀8฀ 
Phys. Chem. C฀ ฀ ฀,฀ ฀7฀5฀1฀7฀–฀7฀5฀2฀1฀ ฀(฀2฀0฀0฀8฀)฀ ฀5฀3฀9฀ 
฀4฀0฀.฀ ฀S฀.฀ ฀J฀.฀ ฀H฀u฀r฀s฀t฀,฀ ฀A฀.฀ ฀K฀.฀ ฀R฀.฀ ฀L฀y฀t฀t฀o฀n฀-฀J฀e฀a฀n฀,฀ ฀C฀.฀ ฀A฀.฀ ฀M฀i฀r฀k฀i฀n฀,฀ ฀“฀M฀a฀x฀i฀m฀i฀z฀i฀n฀g฀ ฀D฀N A  L฀o฀a฀d฀i฀n฀g฀ ฀o฀n฀ ฀a฀ ฀R฀a฀n฀g฀e฀ ฀o฀f฀ ฀5฀4฀0฀ 
฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀p฀a฀r฀t฀i฀c฀l฀e฀ ฀S฀i฀z฀e฀s฀”฀ Anal. Chem.฀ ฀,฀ ฀8฀3฀1฀3 – 8 3 1 8฀ ฀(฀2฀0฀0฀6฀)฀ ฀5฀4฀1฀ 
฀4฀1฀.฀ ฀A฀.฀ ฀W฀i฀j฀a฀y฀a฀,฀ ฀S฀.฀ ฀B฀.฀ ฀S฀c฀h฀a฀f฀f฀e฀r฀,฀ ฀I฀.฀ G .  P a l l a r e s ,  ฀K .  ฀H a m฀a฀d -฀S฀c฀h฀i฀f฀f฀e฀r฀l i ,  ฀“ S e l e฀c฀t฀i฀v฀e฀ R฀e฀l฀e฀a฀s฀e฀ ฀o฀f฀ ฀M฀u฀l฀t฀i฀p฀l฀e฀ ฀5฀4฀2฀ 
฀D฀N฀A฀ ฀O฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀s฀ ฀f฀r฀o฀m฀ ฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀r฀o฀d฀s฀,฀”฀ ACS Nano฀ ฀ 8฀0฀–฀8฀6฀ ฀( 2 0฀0฀9฀)  ฀5฀4฀3฀ 
฀4฀2฀.฀ ฀J฀.฀ ฀B฀r฀o฀c฀h฀o฀n฀,฀ ฀“฀M฀a฀x฀i฀m฀u฀m฀ ฀E฀n฀t฀r฀o฀p฀y฀ ฀M฀e฀t฀h฀o฀d฀ ฀o฀f฀ ฀D฀a฀t฀a฀ ฀A฀n฀a฀l฀y฀s฀i฀s฀ ฀i฀n฀ ฀T฀i฀m฀e฀-฀R฀e฀s฀o฀l฀v฀e฀d฀ ฀S฀p฀e฀c฀t฀r฀o฀s฀c฀o฀p฀y฀,฀”฀ ฀5฀4฀4฀ 
Methods Enzymol.฀ ฀,฀ ฀2฀6฀2฀–฀3฀1฀1฀ ฀(฀1฀9฀9฀4฀)฀ ฀5฀4฀5฀ 
฀4฀3฀.฀ ฀A฀.฀ ฀M฀.฀ ฀A฀l฀k฀i฀l฀a฀n฀y฀,฀ ฀P฀.฀ ฀K฀.฀ ฀N฀a฀g฀a฀r฀i฀a฀,฀ ฀C฀.  R฀.  H e฀x฀e฀l฀,฀ T฀.฀ J .฀ ฀S฀h w฀,฀ ฀C฀.฀ J .  M u฀r฀p฀h฀y฀,฀ ฀M .  ฀D฀.฀ ฀W฀y฀a฀t฀t฀,฀ ฀“฀C฀e฀l฀l฀u฀l฀a฀r฀ ฀5฀4฀6฀ 
฀U฀p฀t฀a฀k฀e฀ ฀a฀n฀d฀ ฀C฀y฀t฀o฀t฀o฀x฀i฀c฀i฀t฀y฀ ฀o฀f฀ ฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀r฀o฀d฀s฀:฀ ฀M฀o฀l฀e฀c฀u฀l฀a฀r฀ ฀O฀r฀i฀g฀i฀n฀ ฀o฀f฀ ฀C฀y฀t฀o฀t฀o฀x฀i฀c฀i t฀y฀ ฀a฀n d  S u r f฀a฀c฀e฀ ฀5฀4฀7฀ 
฀E฀f฀f฀e฀c฀t฀s฀,฀”฀ Small    7 0 1฀–฀7฀0฀8฀2฀0฀0฀9฀)฀ ฀5฀4฀8฀ 
฀4฀4฀.฀ ฀Y฀.฀ ฀Z฀h฀a฀n฀g฀,฀ ฀D฀.฀ ฀X฀u฀,฀ ฀W฀.฀ ฀L฀i฀,฀ ฀J฀.฀ ฀Y฀u฀,฀ ฀Y฀.฀ ฀C฀h฀e฀n฀,฀ ฀“฀E฀f฀f฀e฀c฀t฀ ฀o฀f฀ ฀S฀i฀z฀e฀,฀ ฀S฀h฀a p฀e฀,  a฀n฀d฀ ฀S฀u฀r฀f฀a฀c฀e฀ ฀M฀o฀d฀i f i฀c฀a฀t฀i฀o฀n฀ ฀o฀n  ฀5฀4฀9฀ 
฀C฀y฀t฀o฀t฀o฀x฀i฀c฀i฀t฀y฀ ฀o฀f฀ ฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀p฀a฀r฀t฀i฀c฀l฀e฀s฀ ฀t฀o฀ ฀H฀u฀m฀a฀n฀ ฀H฀E฀p฀-฀2฀ ฀a฀n฀d฀ ฀C฀a฀n฀i฀n฀e฀ ฀M฀D฀C฀K฀ ฀C฀e฀l฀l฀s฀,฀”฀ J. Nanomater.฀ ฀5฀5฀0฀ 
฀,฀ ฀1฀–฀7฀ ฀(฀2฀0฀1฀2฀)฀ ฀5฀5฀1฀ 
฀4฀5฀.฀ ฀V฀.฀ ฀S฀h฀a฀r฀m฀a฀,฀ ฀K฀.฀ ฀P฀a฀r฀k฀,฀ ฀M฀.฀ ฀S฀r฀i฀n฀i฀v฀a฀s฀a฀r฀a฀o฀,฀ ฀“฀S฀h฀a฀p฀e฀ ฀S฀e฀p฀a฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀G฀o฀l฀d฀ ฀N฀a n o r o d s  ฀U฀s฀i฀n฀g฀ ฀5฀5฀2฀ 




฀4฀6฀.฀ ฀H฀.฀ ฀D฀.฀ ฀H฀i฀l฀l฀,฀ ฀J฀.฀ ฀E฀.฀ ฀M฀i฀l฀l฀s฀t฀o฀n฀e฀,฀ ฀M฀.฀ ฀J฀.฀ ฀B฀a฀n฀h฀o฀l฀z฀e฀r฀,฀ ฀C฀.฀ ฀A฀.฀ ฀M฀i฀r฀k฀i฀n฀,฀ ฀“฀T฀h฀e฀ ฀R฀o฀l฀e฀ ฀R฀a฀d฀i฀u฀s฀ ฀o฀f฀ ฀C฀u฀r฀v฀a t฀u฀r฀e฀ ฀5฀5฀4฀ 
฀P฀l฀a฀y฀s฀ ฀i฀n฀ ฀T฀h฀i฀o฀l฀a฀t฀e฀d฀ ฀O฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t฀i฀d฀e฀ ฀L฀o฀a฀d฀i฀n฀g฀ ฀o฀n฀ ฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀p฀a฀r฀t฀i฀c฀l฀es ,฀”฀ ACS Nano    4 1฀8฀–฀4฀2฀4฀ ฀5฀5฀5฀ 
฀(฀2฀0฀0฀9฀)฀ ฀5฀5฀6฀ 
฀4฀7฀.฀ ฀S฀.฀ ฀T฀y฀a฀g฀i฀,฀ ฀S฀.฀ ฀A฀.฀ ฀E฀.฀ ฀M฀a฀r฀r฀a฀s฀,฀ ฀J฀.฀ ฀A฀.฀ ฀M฀.฀ ฀V฀e฀t฀,฀ ฀F฀.฀ ฀R฀.฀ ฀K฀r฀a฀m฀e฀r฀,฀ ฀“฀M฀o฀l฀e฀c u l a r  B฀e฀a฀c o฀n s(?฀:  H฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀5฀5฀7฀ 
฀P฀r฀o฀b฀e฀s฀ ฀f฀o฀r฀ ฀D฀e฀t฀e฀c฀t฀i฀o฀n฀ ฀o฀f฀ ฀N฀u฀c฀l฀e฀i฀c฀ ฀A฀c฀i฀d฀s฀ ฀i฀n฀ ฀H฀o฀m฀o฀g฀e฀n฀e฀o฀u฀s฀ ฀S฀o฀l฀u฀t฀i฀o฀n฀s฀,฀”  ฀i฀n฀ ฀N฀o n r a฀d฀i฀o฀a฀c t i฀v e฀ ฀A฀n฀a฀l฀y฀s i s  ฀5฀5฀8฀ 
฀o฀f฀ ฀B฀i฀o฀m฀o฀l฀e฀c฀u฀l฀e฀s฀,฀ ฀6฀0฀6฀-฀6฀1฀6฀,฀ ฀E฀d฀.฀ ฀C฀.฀ ฀K฀e s฀s฀l e r ,฀ ฀S฀p฀r฀i฀n฀g฀e฀r฀,฀ ฀(฀2 0฀0฀0฀)฀ ฀D฀O฀I฀ 1 0฀. 1 0 0฀7 / 9 7 8฀-฀3฀-฀6฀4฀2฀-฀5฀7฀2฀0฀6฀-฀7฀_฀5฀3  ฀5฀5฀9฀ 
฀4฀8฀.฀ ฀B฀.฀ ฀G฀.฀ ฀M฀o฀r฀e฀i฀r฀a฀,฀ ฀Y฀.฀ ฀Y฀o฀u฀,฀ ฀M฀.฀ ฀A฀.฀ ฀B฀e฀h฀l฀k฀e฀,฀ ฀R฀.฀ ฀O฀w฀c฀z฀a฀r฀z฀y฀,฀ ฀“฀E฀f฀f฀e฀c฀t฀s฀ o f  F฀l฀u฀o฀r฀e฀s฀c n t  D฀y฀e฀s฀,฀ ฀5฀6฀0฀ 
฀Q฀u฀e฀n฀c฀h฀e฀r฀s฀,฀ ฀a฀n฀d฀ ฀D฀a฀n฀g฀l฀i฀n฀g฀ ฀E฀n฀d฀s฀ ฀o฀n฀ ฀D฀N฀A฀ ฀D฀u฀p฀l฀e฀x฀ ฀S฀t฀a฀b฀i฀l฀i฀t฀y฀,฀”฀ Biochem. Biophys. Res. Commun.฀ ฀5฀6฀1฀ 
฀ ฀4฀7฀3฀–฀4฀8฀4฀2฀0฀0฀5฀)฀ ฀5฀6฀2฀ 
฀4฀9฀.฀ ฀A฀.฀ ฀W฀.฀ ฀P฀e฀t฀e฀r฀s฀o฀n฀,฀ ฀R฀.฀ ฀J฀.฀ ฀H฀e฀a฀t฀o฀n฀,฀ ฀R฀.฀ ฀M฀.฀ ฀G฀e฀o฀r฀g฀i฀a฀d฀i฀s฀,฀ ฀“฀T฀h฀e฀ ฀E฀f฀f฀e฀c฀t฀ ฀o฀f฀ ฀S฀u฀r฀f฀a฀c e฀ ฀P฀r฀o฀b e฀ ฀D฀e฀n฀s฀i t y  o฀n฀ ฀5฀6฀3฀ 
฀D฀N฀A฀ ฀H฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀,฀”฀ Nucleic Acids Res.   ,  5 1 6 3฀–฀5฀1฀6฀8฀ ฀(฀2฀0฀0฀1฀)฀ ฀5฀6฀4฀ 
฀5฀0฀.฀ ฀K฀.฀ ฀B฀.฀ ฀C฀e฀d฀e฀r฀q฀u฀i฀s฀t฀,฀ ฀C฀.฀ ฀D฀.฀ ฀K฀e฀a฀t฀i฀n฀g฀,฀ ฀“฀H฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀E฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ o฀f  M o l e c u l a r  B e฀a฀c o n s  B฀o฀u฀n฀d  ฀t฀o฀ ฀5฀6฀5฀ 
฀G฀o฀l฀d฀ ฀N฀a฀n฀o฀w฀i฀r฀e฀s฀:฀ ฀E฀f฀f฀e฀c฀t฀ ฀o฀f฀ ฀S฀u฀r฀f฀a฀c฀e฀ ฀C฀o฀v฀e฀r฀a฀g฀e฀ ฀a฀n฀d฀ ฀T฀a฀r฀g฀e฀t฀ ฀L฀e฀n฀g฀t฀h฀,฀”฀ Langmuir   ,  1 8 2 7 3 – 1 8 2 8฀0฀ ฀5฀6฀6฀ 
฀(฀2฀0฀1฀0฀)฀ ฀5฀6฀7฀ 
฀5฀1฀.฀ ฀R฀.฀ ฀L฀e฀v฀i฀c฀k฀y฀,฀ ฀T฀.฀ ฀M฀.฀ ฀H฀e฀r฀n฀e฀,฀ ฀M฀.฀ ฀J฀.฀ ฀T฀a฀r฀l฀o฀v฀,฀ ฀S฀.฀ ฀K฀.฀ ฀S฀a฀t฀i฀j฀a฀,฀ ฀“฀U฀s฀i฀n฀g ฀S฀e฀l฀f฀-฀A s฀s฀e฀m b l y  T o฀ C฀o฀n฀t฀r฀o฀l฀ ฀t฀h฀e฀ ฀5฀6฀8฀ 
฀S฀t฀r฀u฀c฀t฀u฀r฀e฀ ฀o฀f฀ ฀D฀N฀A฀ ฀M฀o฀n฀o฀l฀a฀y฀e฀r฀s฀ ฀o฀n฀ ฀G฀o฀l฀d฀:฀ ฀ ฀A฀ ฀N฀e฀u฀t฀r฀o฀n฀ ฀R฀e฀f฀l฀e฀c฀t฀i฀v฀i฀t฀y฀ ฀S฀tu d y , ”  J. Am. Chem. Soc. ฀,฀ ฀5฀6฀9฀ 
฀9฀7฀8฀7฀–฀9฀7฀9฀2฀ ฀(฀1฀9฀9฀8฀)฀ ฀5฀7฀0฀ 
฀5฀2฀.฀ ฀A฀.฀ ฀O฀.฀ ฀C฀r฀o฀c฀k฀e฀t฀t฀,฀ ฀C฀.฀ ฀T฀.฀ ฀W฀i฀t฀t฀w฀e฀r฀,฀ ฀“฀F฀l฀u฀o฀r฀e฀s฀c฀e฀i฀n฀-฀L฀a฀b฀e฀l฀e฀d฀ ฀O฀l฀i฀g฀o฀n฀u฀c฀l฀e฀o฀t i d฀e฀s  f o฀r฀ R฀e฀a฀l -฀T฀i฀m฀e฀ ฀P฀c฀r฀:฀ ฀5฀7฀1฀ 
฀U฀s฀i฀n฀g฀ ฀t฀h฀e฀ ฀I฀n฀h฀e฀r฀e฀n฀t฀ ฀Q฀u฀e฀n฀c฀h฀i฀n฀g฀ ฀o฀f฀ ฀D฀e฀o฀x฀y฀g฀u฀a฀n฀o฀s฀i฀n฀e฀ ฀N฀u฀c฀l฀e฀o฀t฀i฀d฀e฀s฀,฀”฀ Anal. Biochem.฀ ฀ ฀8฀9฀–฀9฀7฀5฀7฀2฀ 
฀2฀0฀0฀1฀)฀ ฀5฀7฀3฀ 
฀5฀3฀.฀ ฀J฀.฀ ฀R฀.฀ ฀U฀n฀r฀u฀h฀,฀ ฀G฀.฀ ฀G฀o฀k฀u฀l฀r฀a฀n฀g฀a฀n฀,฀ ฀G฀.฀ ฀S฀.฀ ฀W฀i฀l฀s฀o฀n฀,฀ ฀C฀.฀ ฀K฀.฀ ฀J฀o฀h฀n฀s฀o฀n฀,฀ ฀“฀F฀l฀u o r e฀s฀c฀e n c฀e  P r o p฀e฀r฀t฀i฀e฀s฀ ฀o฀f฀ ฀5฀7฀4฀ 
฀F฀l฀u฀o฀r฀e฀s฀c฀e฀i฀n฀,฀ ฀T฀e฀t฀r฀a฀m฀e฀t฀h฀y฀l฀r฀h฀o฀d฀a฀m฀i฀n฀e฀ ฀a฀n฀d฀ ฀T฀e฀x฀a฀s฀ ฀R฀e฀d฀ ฀L฀i฀n฀k฀e฀d฀ ฀t฀o฀ ฀a฀ ฀D฀N฀A฀ ฀A฀p฀t฀a฀m฀e฀r฀, ”  Photochem. ฀5฀7฀5฀ 




฀5฀4฀.฀ ฀T฀.฀ ฀H฀e฀i฀n฀l฀e฀i฀n฀,฀ ฀J฀.฀-฀P฀.฀ ฀K฀n฀e฀m฀e฀y฀e฀r฀,฀ O฀.฀ ฀P฀i฀e฀s฀t฀e฀r฀t฀,฀ M฀.฀ S a u e r ,฀ ฀“฀P฀h฀o฀t฀o฀in d u c e฀d฀ ฀E฀l฀e฀c฀t฀r฀o฀n฀ ฀T฀r฀a฀n฀s฀f฀e฀r฀ ฀b฀e฀t฀w฀e฀e฀n฀ ฀5฀7฀7฀ 
฀F฀l฀u฀o฀r฀e฀s฀c฀e฀n฀t฀ ฀D฀y฀e฀s฀ ฀a฀n฀d฀ ฀G฀u฀a฀n฀o฀s฀i฀n฀e฀ ฀R฀e฀s฀i฀d฀u฀e฀s฀ ฀i฀n฀ ฀D฀N฀A฀-฀H฀a฀i฀r฀p฀i฀n฀s฀,฀”฀ J. Phys. Chem. B฀  ,฀ ฀7฀9฀5฀7฀– 7 9 6 4  ฀5฀7฀8฀ 
฀(฀2฀0฀0฀3฀)฀ ฀5฀7฀9฀ 
฀5฀5฀.฀ ฀G฀.฀ ฀W฀e฀i฀,฀ ฀D฀.฀ ฀S฀i฀m฀i฀o฀n฀e฀s฀i฀e฀,฀ ฀J฀.฀ ฀S฀e฀f฀c฀i฀k฀,฀ ฀J฀.฀ ฀U฀.฀ ฀S฀u฀t฀t฀e฀r฀,฀ ฀Q฀.฀ ฀X฀u฀e฀,฀ ฀J฀.฀ ฀Y฀u฀,฀ ฀J฀.฀ ฀W a฀n g ,  D . S .  B i r c h ,  Y฀.  ฀5฀8฀0฀ 
฀C฀h฀e฀n฀,฀ ฀“฀R฀e v฀e฀a฀l฀i฀n฀g฀ ฀t฀h฀e฀ ฀P฀h฀o฀t฀o฀p฀h฀y฀s฀i฀c฀s฀ ฀o฀f฀ ฀G฀o฀l฀d฀-฀N฀a฀n฀o฀b฀e฀a฀c฀o฀n฀s฀ ฀v฀i฀a฀ ฀T฀i฀m฀e฀-฀R฀e฀s฀o฀l฀v฀ed  F l u o r฀e฀s฀c฀e฀n฀c฀e฀ ฀5฀8฀1฀ 






6FKHPH฀ ฀S฀c฀h฀e฀m฀a฀t฀i฀c฀ ฀i฀l฀l฀u฀s฀t฀r฀a฀t฀i฀o฀n฀ ฀o฀f฀ ฀h฀a฀i฀r฀pi n฀ ฀D฀N A฀ f u฀n฀c฀t฀i฀o฀n฀a฀l฀i฀z฀e฀d฀ ฀G฀N฀R฀ ฀f฀o฀r฀ ฀m฀R฀N฀A฀ ฀d฀e฀t฀e฀c฀t฀i฀o฀n฀.฀ ฀ ฀5฀8฀5฀ 
)LJXUH฀ ฀(฀a฀)฀ ฀T฀E฀M฀ ฀i฀m฀a฀g฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀g฀o฀l฀d฀ ฀n฀a฀n฀o฀r฀o฀d฀s฀.฀ ฀T฀h฀e฀ ฀s฀c฀a฀l฀e฀ ฀b฀a฀r฀ ฀i฀s฀ ฀2฀0฀0฀ ฀n฀m฀;฀ ฀(b )  E x t i฀n฀c฀t฀i฀o฀n฀ ฀s฀p฀e฀c฀t฀r฀a฀ ฀5฀8฀6฀ 
฀o฀f฀ ฀G฀N฀R฀ ฀m฀a฀d฀e฀ ฀w฀i฀t฀h฀ ฀C฀T฀A฀B฀ ฀a฀n฀d฀ ฀G฀N฀R฀s฀ ฀w฀i฀t฀h฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀m฀o฀d฀i฀f฀i฀c฀a฀t฀i฀o฀n฀s฀ ฀o฀f฀ ฀M฀H฀A฀ ฀a฀n฀d  h p D N฀A฀-฀F A M฀.฀ ฀5฀8฀7฀ 
฀T฀h฀e฀ ฀N฀R฀-฀C฀T฀A฀B฀ ฀w฀a฀s฀ ฀s฀u฀s฀p฀e฀n฀d฀e฀d฀ ฀i฀n฀ ฀d฀i฀s฀t฀i฀l฀l฀e฀d฀ ฀w฀a฀t฀e฀r฀,฀ ฀w฀h฀i฀l฀e฀ ฀N฀R฀-฀M฀H฀A฀ ฀a฀n฀d฀ ฀N R - h฀p฀D฀N A - F฀A M฀ w฀e฀r e฀ ฀5฀8฀8฀ 
฀s฀u฀s฀p฀e฀n฀d฀e฀d฀ ฀i฀n฀ ฀1฀×฀T฀B฀E฀ ฀(฀p฀H฀ ฀8฀.฀3฀)฀ ฀a฀n฀d฀ ฀1฀0฀ ฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀7฀.฀5฀),  r e s p฀e฀c t i v e l y฀.฀  ฀5฀8฀9฀ 
)LJXUH ฀ ฀A฀ ฀c฀o฀r฀r฀e฀l฀a฀t฀i฀o฀n฀ ฀b฀e฀t฀w฀e฀e฀n฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀l฀o฀a฀d฀i฀n฀g฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀o฀n฀ ฀e฀a฀c฀h฀ ฀G฀N฀R฀ ฀a฀n฀d m฀ o฀ l฀ a฀ r฀  r t o  o฀ f฀  ฀5฀9฀0฀ 
฀h฀p฀D฀N฀A฀ ฀t฀o฀ ฀G฀N฀R฀ ฀i฀n฀ ฀t฀h฀e฀ ฀s฀y฀n฀t฀h฀e฀s฀i฀s฀ ฀p฀r฀o฀c฀e฀s฀s฀.฀ ฀E฀r฀r฀o฀r฀ ฀b฀a฀r฀s฀ ฀a฀r฀e฀ ฀o฀n฀e฀ ฀s฀t฀a฀n฀da r d  ฀d฀e฀v฀i฀a฀t฀i o n  ฀f r฀o฀m฀ ฀t฀h฀r฀e฀e฀ ฀5฀9฀1฀ 
฀m฀e฀a฀s฀u฀r฀e฀m฀e฀n฀t฀s฀.฀ ฀ ฀5฀9฀2฀ 
)LJXUH ฀ ฀K฀i฀n฀e฀t฀i฀c฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀m฀e฀a฀s฀u฀r฀e฀m฀e฀n฀t฀s฀ ฀o฀f฀ ฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀u฀p฀o฀n฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o n .  T฀h฀e฀ ฀5฀9฀3฀ 
฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀s฀ ฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀ ฀a฀n฀d฀ ฀c฀D฀N฀A฀ ฀w฀e฀r฀e฀ ฀0฀.฀2฀2฀ ฀a฀n฀d฀ ฀8฀8฀0฀ ฀n฀M฀,฀ ฀r฀e฀s฀p฀ec t฀i฀v฀e฀l฀y฀.  E x฀c฀i฀t a t i o n  ฀5฀9฀4฀ 
฀w฀a฀v฀e฀l฀e฀n฀g฀t฀h฀:฀ ฀4฀9฀0฀ ฀n฀m฀;฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀w฀a฀v฀e฀l฀e฀n฀g฀t฀h฀:฀ ฀5฀1฀7฀ ฀n฀m฀.฀ ฀5฀9฀5฀ 
)LJXUH฀ ฀D฀o฀s฀e฀ ฀r฀e฀s฀p฀o฀n฀s฀e฀ ฀o฀f฀ ฀t฀h฀e฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀es  ฀(฀0 .฀2฀2  n M฀)฀ w฀i t h  d i฀f฀f฀e฀r฀e฀n฀t฀ ฀s฀u฀r฀f฀ac e  ฀p฀a฀c฀k฀i฀n g  d s i t i e s  ฀o฀f฀ ฀5฀9฀6฀ 
฀h฀p฀D฀N฀A฀.฀ ฀T฀h฀e฀ ฀c฀o฀n฀c฀e฀n฀t฀r฀a฀t฀i฀o฀n฀s฀ ฀o฀f฀ ฀p฀e฀r฀f฀e฀c฀t฀l฀y฀ ฀c฀o฀m฀p฀l฀e฀m฀e฀n฀t฀a฀r฀y฀ ฀D฀N฀A฀ ฀w฀e฀r฀e฀ ฀0,  1 ,  5 ,฀ ฀1 0 ,  ฀2 0 ,  3 0 ,฀ ฀4฀0฀,฀ 5 0 ,  ฀5฀9฀7฀ 
฀8฀0฀,฀ ฀1฀0฀0฀,฀ ฀2฀0฀0฀ ฀a฀n฀d฀ ฀3฀0฀0฀ ฀n฀M฀.฀ ฀E฀x฀c฀i฀t฀a฀t฀i฀o฀n฀ ฀w฀a฀v฀e฀l฀e฀n฀g฀t฀h฀:฀ ฀4฀8฀5฀ ฀n฀m฀;฀ ฀e฀m฀i฀s฀s฀i฀o฀n  p e a k :  5 1฀7฀ ฀n฀m฀.฀  ฀5฀9฀8฀ 
)LJXUH ฀ ฀(฀U฀p฀p฀e฀r฀ ฀p฀a฀n฀e฀l฀)฀ ฀F฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀ ฀c฀u฀r฀v฀e฀s฀ ฀o฀f฀ ฀(฀A฀)฀ ฀N฀R฀-฀h฀p฀D N A฀4฀0฀0฀,฀ ฀(฀B฀)฀ ฀N R -฀5฀9฀9฀ 
฀h฀p฀D฀N฀A฀2฀0฀0฀,฀ ฀a฀n฀d฀ ฀(฀C฀)฀ ฀N฀R฀-฀h฀p฀D฀N฀A฀1฀0฀0฀ ฀b฀e฀f฀o฀r฀e฀ ฀a฀n฀d฀ ฀a฀f฀t฀e฀r฀ ฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀(฀[c฀D฀N฀A ]฀=฀8 8 0  n M฀)฀.  T฀h฀e฀ ฀6฀0฀0฀ 
฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀ ฀c฀u฀r฀v฀e฀ ฀o฀f฀ ฀h฀p฀D฀N฀A฀ ฀w฀a฀s฀ ฀a฀l฀s฀o฀ ฀p฀r฀e฀s฀e฀n฀t฀e฀d฀ ฀f฀o฀r฀ ฀c฀o฀m p a r i฀s฀o฀n .  ฀S฀a฀m฀p฀l฀e฀s  w฀e฀r฀e฀ ฀6฀0฀1฀ 
฀m฀e฀a฀s฀u฀r฀e฀d฀ ฀i฀n฀ ฀1฀0฀ ฀m฀M฀ ฀p฀h฀o฀s฀p฀h฀a฀t฀e฀ ฀b฀u฀f฀f฀e฀r฀ ฀(฀p฀H฀ ฀7 . 5 ) .  ฀(฀L฀o฀w r  p a n e l )฀ ฀F฀l฀u฀or e s฀c฀e฀n c฀e฀ ฀l฀i฀f฀e฀t฀i฀m฀e฀ ฀d฀i฀s฀t฀r฀i฀b฀u฀t฀i฀o฀n฀s฀ ฀6฀0฀2฀ 




฀h฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀o฀b฀t฀a฀i฀n฀e฀d฀ ฀f฀r฀o฀m฀ ฀M฀E฀M฀ ฀an a l฀y s฀i฀s฀.฀ ฀T฀h฀e  ฀f฀l฀u฀o r e฀s฀c฀e฀n฀c฀e฀ ฀l฀i฀f฀et i m e฀ ฀d฀i฀s t r i b u t i o n  o฀f฀ ฀h฀p฀D฀N฀A฀ ฀6฀0฀4฀ 
฀w฀a฀s฀ ฀a฀l฀s฀o฀ ฀i฀n฀c฀l฀u฀d฀e฀d฀ ฀f฀o฀r฀ ฀c฀o฀m฀p฀a฀r฀i฀s฀o฀n฀.฀ ฀N฀o฀t฀e฀ ฀t฀h฀e฀ ฀l฀o g r i t฀h฀m฀i฀c฀ ฀l฀i฀f฀e฀t฀i฀m฀e a x฀i s .  ฀6฀0฀5฀ 
7DEOH ฀ ฀H฀y฀b฀r฀i฀d฀i฀z฀a฀t฀i฀o฀n฀ ฀e฀f฀f฀i฀c฀i฀e฀n฀c฀y฀ ฀o฀f฀ ฀N฀R฀-฀h฀p฀D฀N A฀ ฀n฀a฀n฀o฀p฀r฀o฀b฀e฀s฀ ฀w฀i฀t฀h฀ ฀d฀i฀f฀f฀e฀r฀e฀n฀t฀ ฀p฀r฀o฀b฀e฀ ฀s฀u฀r฀f฀a฀c฀e฀ ฀6฀0฀6฀ 
฀p฀a฀c฀k฀i฀n฀g฀ ฀d฀e฀n฀s฀i฀t฀i฀e฀s฀.฀ ฀6฀0฀7฀ 
7DEOH฀M฀u฀l฀t฀i฀-฀e฀x฀p฀o฀n฀e฀n฀t฀i฀a฀l฀ ฀a฀n฀a฀l฀y฀s฀i฀s฀ ฀o฀f฀ ฀f฀l฀u฀o฀r฀e฀s฀c฀e฀n฀c฀e฀ ฀i฀n฀t฀e฀n฀s฀i฀t฀y฀ ฀d฀e฀c฀a฀y฀s฀.฀ ฀ ฀6฀0฀8฀ 
฀ ฀6฀0฀9฀ 
฀ ฀6฀1฀0฀ 
฀ ฀6฀1฀1฀ 
฀ ฀6฀1฀2฀ 
